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SUMMARY 
 
The fabrication and application of anodized alumina material has attracted much 
attention because of its technological importance in nanoscience and nanoengineering. 
By electronic anodization, the pore size and pore intensity of nanoporous alumina was 
precisely adjusted. Surface treatment with different organic acids was carried out on 
home-made glass supported alumina surface. X-ray Photoelectron Spectroscopy 
AXIS Instrument was used to characterize the surface modification. Successful 
grafting on etched glass-supported alumina surface was achieved. The variation of 
surface property after chemical treatment was studied by contact angle measurement. 
 
Application of nano-porous alumina has been explored for planar 
electrochromatography protein separation. Off-line and on-line detection of protein 
separation on nanoporous alumina surface was designed and protein separation 
efficiency was compared by varying alumina pore size, pore depth, surface properties 
as well as the pH value of buffer solution. Proteins separation condition was 
optimized. The mechanism of planar electrochromatography protein separation was 
studied. Multi Nano-channel Electromembrane Separation (MNES) technique with an 
on-site horizontal set-up was also demonstrated. With this method, the possibility of 
having differential control of transportation and separation of charged proteins were 
established. Different factors affecting separation efficiency were studied and MNES 
protein separation mechanism was proposed and studied. Separation of BSA and LYS 
across polarized alumina membrane has been achieved.  
 
The focus of this work is to create and control the nanostructure and properties of 
anodized alumina and to utilize this structure to investigate effect of nanostructure on 
protein electrophoresis separation process and to investigate the separation 
mechanism and at last to develop novel devices/techniques which will allow effective 
and low cost protein separation. 
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Recent advances in biotechnology have seen protein research attracting great interest 
as it plays a fundamental role in future development of drugs. Hence, there is an 
increasing need for the effective separation of proteins and peptide drugs from 
biological broths and blood. Chemical separations constitute some of the most 
important stages in most chemical, pharmaceutical and petrochemical processes and it 
contributes towards major costs of production.  
 
Proteins are very diverse. They differ by size, shape, charge, hydrophobicity, and their 
affinity for other molecules. Currently, there are many methods in the field of protein 
separation and extraction. The mechanism of protein separation can be based on size, 
shape, charge, hydrophobicity, and affinity for other molecules. Basic principles and 
recent development of the protein separation techniques mainly used in the world and 





Electrophoresis is the separation technique in which electrically charged particles 
move with different mobilities in a constant applied electric field due to their 
differences in charge-to-size ratios. [1] This technique was first developed in the 
1930s by Arne Tiselius, a Swedish scientist, who separated serum proteins according 
to their charge in a U-shaped tube filled with buffer. [2] Due to high selectivity, high 
resolution and high efficiency [3], electrophoresis has been a routine effective method 
for the separation of proteins.  In addition, it is a gentle technique that avoids heat or 
shear, thus reducing the denaturation of biological molecules such as proteins. In 
addition, it is economically competitive with existing techniques such as fractional 
precipitation and liquid chromatography, which require elaborate, time-consuming 
procedure and expensive column materials respectively.  However, size and 
processing rates due to undesirable mixing and dispersion caused by natural 
convection as a result of Joule heating remain obvious limitation. [4]  
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1.1.1 Principle of electrophoresis 
 
Electrophoresis (EP) is a separation method based on differences in mobility that 
analytes exhibit in the presence of an applied electric field. In the 1930s, Swedish 
scientist Arne Tiselius published the first electrophoretic separation.[5] In spite of the 
many physical arrangments for the apparatus, and regardless of the medium through 
which molecules are allowed to migrate, all electrophoretic separations depend upon 
the charge distribution of the molecules being separated. Therefore, two analytes of 
the same size can be separated if they have different charges. [6] The migration rate of 
analytes in electric field depends on their molecular weight and charge i.e. 
small/highly-charged species migrate rapidly. And the analyte movement velocity is 
also affected by pH and ionic strength of the electrolyte. With low ionic strength, 
there are few counter-ions, therefore low charge shielding effect. 
 
Ion migration velocity can be expressed as: v=μ*E=μ*V/L, where v is ion migration 
velocity (cm·s
-1), μ is electrophoretic mobility (cm2·V·s) and E is electric field 
strength (V·cm
-1
). The electric field strength is a function of the applied voltage 
divided by the total length between electrodes. Electrophoretic mobility is a factor 
that indicates how fast a given ion or solute may move through a given medium (such 
as a buffer solution). It is an expression of the balance of forces acting on each 
individual ion; the electrical force acts in favour of motion and the frictional force acts 
against motion. Since these forces are in a steady state during electrophoresis, 
electrophoretic mobility is a constant (for a given ion under a given set of conditions).  
 
The equation describing electrophoretic mobility is: μe=q/6πηr, where q is the charge 
on the ion, η is the solution viscosity and r is the ion radius. The charge on the ion (q) 
is fixed for fully dissociated ions, such as strong acids or small ions, but can be 
affected by pH changes in the case of weak acids or bases. The ion radius (r) can be 
affected by the counter-ion present or by any complexing agents used. From the 
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equation we can see that differences in electrophoretic mobility will be caused by 
differences in the charge-to-size ratio of analyte ions. Higher charge and smaller size 
confer greater mobility, whereas lower charge and larger size confer lower mobility. 
Electrophoretic mobility is the defining factor that decides migration velocities.  
 
In general EP only works for ions. Neutral species entrained in electroosmotic flow 
but not separated. And EP can be automated and it is especially useful for separation 
of macromolecular ions (polymers) and large biomolecules (amino acids, proteins, 
oligonucleotides) with charge/mass ratios differing by <1%. 
 
Electrophoresis is such a powerful technique, and yet reasonably easy and 
inexpensive, it has become commonplace.[7] Electrophoresis can be one dimensional 
(i.e. one plane of separation) or two dimensional[8-10]. One dimensional 
electrophoresis is used for most routine protein and nucleic acid separations. Two 
dimensional separation of proteins is used for finger printing, and when properly 
constructed can be extremely accurate in resolving all of the proteins present within a 
cell (greater than 1,500). [11] 
 
1.1.2 Gel electrophoresis  
 
Planar (gel) electrophoresis utilizes porous layers made of cellulose acetate or 
polymer gel. It is a slow, simple separation method while has the disadvantages of 
difficulty to automate, poor quantitation and large sample quantities (μL) requirement. 
Gel electrophoresis has large cross-sectional area, short length, low electrical 
resistance, high currents and sample heating. The maximum voltage applied for gel 
electrophoresis is about 500 V with the plate number N of 100 to1000, so slab 
electrophoresis shows not very high resolution. 
 
Gel Electrophoresis is especially useful for proteins. Gel is random polyacrylamide 
copolymer with adding pores. [12-16] Small molecules pass quickly through pores, 
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which results in high overall mobility while large molecules have to squeeze through 
pores in hence result in lower overall mobility. Gel adds a sieving component to 
electrophoresis and the size of pores can be changed, which determines range of 
sizes/weights over which sieving is effective. 
 
Usual detection methods for Planar (gel) Electrophoresis include: visual staining[17]; 
fluorescence[18]; absorption/UV-vis[19, 20]; radiolabelling by using photographic 
film[21]. 
 
2D gel electrophoresis was first introduced in 1975 and after that it became the most 
commonly used method for protein separation in proteomics. [22] Two dimensional 
(2D) separation systems have been used extensively for the analysis of complex 
protein and peptide mixture because of the increased peak capacity they provide 
relative to one-dimensional separations. [23-25] By 2D gel electrophoresis, proteins 
are first separated across a gel according to their isoelectric point, and then separated 
in a perpendicular direction on the basis of their molecular weight.  Electrophoresis 
in a second perpendicular electrophoretic transport is performed on the separate 
components resulting from the first electrophoresis. This technique is usually 




As proteins have a wide range of isoelectric points, a surfactant containing buffer is 
required to denature proteins in the sample so that they would have a similar 
charge-to-mass ratio.  With surfactant, in the presence of an electric field, all proteins 
would migrate in the same direction, thus allowing sized-based separation as they 
pass through the gel matrix. 
 
Gel electrophoresis has been optimized with the use of sodium dodecyl sulphate (SDS) 
as a surfactant and polyacrylamide as the gel material, thus giving the method the 
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acronym SDS-PAGE (sodium dodecyl sulphate - polyacrylamide gel 
electrophoresis).[27] [28] The technique has become a standard means for molecular 
weight determination. A typical separation is performed by injecting a band of sample 
into a gel slab immersed in an aqueous buffer and applying an electric field to resolve 
the proteins.   
 
SDS is an anionic surfactant and denatures proteins with a negative charge. 
Protein-SDS complexes would hence migrate towards the anode. Proteins of a lower 
molecular weight (MW) would migrate faster through the gel and elute earlier. High 
MW proteins would move slower through the gel and elute later.  
 
Polyacrylamide gels are formed from the polymerization of two compounds, 
acrylamide and N, N-methylene- bis-acrylamide (Bis, for short). Bis is a cross-linking 
agent for the gels. The polymerization is initiated by the addition of ammonium 
persulfate along with either β-dimethyl amino-propionitrile (DMAP) or N,N,N ,N ,- 
tetramethylethylenediamine (TEMED). The gels are neutral, hydrophillic, 
three-dimensional networks of long hydrocarbons crosslinked by methylene groups.  
 
The separation of molecules within a gel is determined by the relative size of the 
pores formed within the gel. The pore size of a gel is determined by two factors, the 
total amount of acrylamide present (designated as %T) and the amount of cross-linker 
(%C). As the total amount of acrylamide increases, the pore size decreases. With 
cross-linking, 5%C gives the smallest pore size. Any increase in %C increases the 
pore size. Gels are designated as percent solutions and will have two necessary 
parameters. The higher the gel concentration, the smaller the pore size of the gel and 
the better it will be able to separate smaller molecules. The percent gel to use depends 
on the molecular weight of the protein to be separated.  
 
Limitations however, still persist in the SDS-PAGE system. Very large proteins 
(>500kDa) do not separate well as they have low mobilities and tend to get trapped 
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within the gel matrix. Resolution of protein bands generally improve with increasing 
concentrations of polyacrylamide within the gel but liquid polyacrylamide solutions 





In recent years, SDS-PAGE has also been performed on microchips/μ-total analysis 
systems.[29] The effects of miniaturization of various separation schemes have been 
reported by Manz et al.[30] In general, miniaturization has been shown to provide 
high separation efficiencies and a convenient means of manipulating extremely small 
sample volumes.  
 
The investigation and development of microchip separation systems, including 
capillary electrophoresis, electrochromatography, and liquid chromatography, has 
gathered significant attention. [31, 32] The interest in microchip separations is due to 
the ability to perform rapid separations (<1-2 min) while maintaining high separation 
efficiency and resolution. Microchip separation systems have been used successfully 
for the separation of DNA, proteins, and small molecule species.  
 
Sano et. al. have miniaturized the SDS-PAGE system on a plastic chip coated with 
polyethylene glycol.[33] Separation of trypsin inhibitor, BSA and β-galactosidase 
(21.5, 66.5 and 116.0kDa respectively) was achieved within 8 seconds using field 
strength of 303V/cm. 
 
1.1.5 Capillary electrophoresis  
 
Capillary electrophoresis (CE) uses narrow (25-75 μm diameter) silica capillary tube 
with length of 40-100 cm. It is a fast, quantitative, easy to automate technique and 
needs small quantities sample amount (nL). CE has small cross-sectional area, long 
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length, high resistance, low currents with maximum voltage of about 20-100 kV. The 
plate number N usually ranges from 100,000 to 10,000,000, therefore CE gives higher 
separation resolution.  
 
In 1989, Beckman Instruments introduced the first fully automated capillary 
electrophoresis (CE) instrument (P/ACE™ 2000) to the scientific community. CE [27, 
34] technology has enabled down-scaling/miniaturization of the SDS-PAGE system. 
[35] Capillary electrophoresis encompasses a family of related separation techniques 
that use narrow-bore fused-silica capillaries to separate a complex array of large and 
small molecules. [36, 37] 
 
High electric field strengths are used to separate molecules based on differences in 
charge, size and hydrophobicity. The analyses, all driven by an electric field, are 
performed in narrow tubes and can result in the rapid separation of many hundreds of 
different compounds. Since an electric field and not pressure is used to mobilize 
proteins, there is no problem of backpressure generated. The use of high voltage 





In principle CE instrumentation is simple but difficult to introduce sample and require 
detection of analytes in small volume (entire column <5μL analyte zone <10 nL). 
Sample introduction is accomplished by immersing the end of the capillary into a 
sample vial and applying pressure, vacuum or voltage. Depending on the types of 
capillary and electrolytes used, the technology of CE can be segmented into several 
separation techniques. Examples of these include Capillary Zone Electrophoresis 
(CZE), [39, 40] Capillary Gel Electrophoresis (CGE)[41], Capillary Isoelectric 
Focusing (CIEF)[42-44], Isotachophoresis (ITP)[45], Electrokinetic Chromatography 
(EKC)[46], Micellar Electrokinetic Capillary Chromatography (MECC OR 
MEKC)[46], Micro Emulsion Electrokinetic Chromatography (MEEKC)[47, 48], 
Non-Aqueous Capillary Electrophoresis (NACE) [49, 50] and Capillary 
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Electrochromatography (CEC). [51] 
 
Almost all HPLC detectors can be used for CE which includes absorbance, 
fluorescence, electrochemical, mass spectrometry, AAS, ICP-AES and so on. Yang etc 
detected prion protein using a cyclodextrin-aided capillary electrophoresis-based 
competitive immunoassay by using laser-induced fluorescence detection. [52] Surface 
modification of capillaries was utilized in order to separate proteins by capillary 
electrophoresis.[53, 54] Integration of on-line protein digestion, peptide separation, 
and protein identification was achieved by using pepsin-coated photopolymerized 
sol-gel columns and capillary electrophoresis/mass spectrometry.[55] 
Poly-N-hydroxyethylacrylamide as adsorbed coating was applied on CE for protein 
separation. [56] Cationic polymer was also used to the capillary coat for basic protein 
separation in CE. [57] 
 
1.2 Chromatography  
 
1.2.1 Principle of chromatography 
 
Chromatography is a separation technique that is used for the separation of complex 
mixtures. The components to be separated are distributed between two phases: a 
stationary phase bed and a mobile phase which percolates through the stationary bed. 
An analyte is in equilibrium between the two phases: mobile phase and stationary 
phase. 
The equilibrium constant, K, is termed the partition coefficient; defined as the molar 
concentration of analyte in the stationary phase divided by the molar concentration of 
the analyte in the mobile phase. Separation is reached based on the differential rates of 
migration of the analytes because of the interaction with both phases.  The smaller 
the affinity a molecule has for the stationary phase, the shorter the time spent in a 
column.  
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The time between sample injection and an analyte peak reaching a detector at the end 
of the column is termed the retention time (tR). Each analyte in a sample will have a 
different retention time. The time taken for the mobile phase to pass through the 
column is called tM. A term called the retention factor, k', is often used to describe the 
migration rate of an analyte on a column. It is also called the capacity factor. The 
retention factor for analyte A is defined as; 
k'A = t R - tM / tM 
tR and tM are easily obtained from a chromatogram. When an analytes retention 
factor is less than one, elution is so fast that accurate determination of the retention 
time is very difficult. High retention factors (greater than 20) mean that elution takes a 
very long time. Ideally, the retention factor for an analyte is between one and five. 
A quantity called the selectivity factor is defined as α, which describes the separation 
of two species (A and B) on the column; 
α = k 'B / k 'A 
When calculating the selectivity factor, species A elutes faster than species B. The 
selectivity factor is always greater than one.  
1.2.2 Three kinds of Chromatography  
 
Proteins are often fractionated by column chromatography. A mixture of proteins in 
solution is applied to the top of a cylindrical column filled with a permeable solid 
matrix immersed in solvent. A large amount of solvent is then poured through the 
column. Because different proteins are retarded to different extents by their 
interaction with the matrix, they can be collected separately as they flow out from the 
bottom. According to the choice of matrix, proteins can be separated according to 
their charge, their hydrophobicity, their size, or their ability to bind to particular 
chemical groups. 
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Many types of matrix are available for column chromatography, usually packed in the 
column in the form of small beads. A typical protein purification strategy might 
employ in turn each of three kinds of matrix described below, with a final protein 
purification of up to 10,000-fold. Purity can easily be assessed by gel electrophoresis. 
 
a) Ion-exchange Chromatography 
 
Ion-exchange columns are packed with small beads that carry positive or negative 
charges that retard proteins of the opposite charge. The association between a protein 
and the matrix depends on the pH and ionic strength of the solution passing down the 




Figure 1.1 Ion-exchange Chromatography 
 
Protein-bound copper and zinc was separated in human-plasma by means of 
Gel-Filtration Ion-Exchange Chromatography in1981.[58] Separation and 
measurement of urinary isoenzymes and protein was achieved by Matsukura etc by 
Ion-Exchange Liquid-Chromatography. [59] Protein Separation by Ion-Exchange 
Chromatography was also realized by using gradient elution.[60] Separation and 
purification of Bacillus thuringiensis(Bt) toxic protein CrylAb from transgenic rice 
[61] and annexin B1, Ca
2+
-dependent phospholipid binding protein in Escherichia coli 
[62] were also reported by ion-exchange chromatography. 
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b) Gel-filtration Chromatography 
 
Gel-filtration columns separate proteins according to their size. The matrix consists of 
tiny porous beads. Protein molecules that are small enough to enter the holes in the 
beads are delayed and travel more slowly through the column. Proteins that cannot 
enter the beads are washed out of the column first. Such columns also allow an 
estimate of protein size. Four proteins were separated and the protein structure was 





Figure 1.2 Gel-filtration Chromatography 
 
c) Affinity Chromatography 
 
Affinity columns contain a matrix covalently coupled to a molecule that interacts 
specifically with the protein of interest (e.g., an antibody, or an enzyme substrate). 
Proteins that bind specifically to such a column can finally be released by a pH 
change or by concentrated salt solutions, and they emerge highly purified. 
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Figure1.3 Affinity Chromatography 
Separation of recombinant human protein C from transgenic animal milk[64], fraction 
IV of the Cohn process;[65] human blood plasma Cohn fraction IV-1;[66] 
components of transgenic milk;[67] prothrombin[68] were reported by using 
immobilized metal affinity chromatography. Chromatography on DEAE ion-exchange 
and Protein G affinity columns in tandem were used to separate and purify 
proteins.[69] A novel hierarchical nanozeolite composite was reported as sorbent for 
protein separation in immobilized metal-ion affinity chromatography.[70] 
1.2.3 High Performance Liquid Chromatography 
High Performance Liquid Chromatography (HPLC) uses columns where stationary 
phase is of a powder with a particle size of only few Angstroms, for this reason high 
pressure that is gotten by means of a pump system is used in order to let the mobile 
phase pass through the column. Sample is loaded into the column using the injection 
valve. Analytes in the sample elute from the column following inverse order to their 
grade of interaction with stationary phase, therefore, analytes with a strong interaction 
are more retained and will reach the end of the column at longer time. 
When stationary phase is relatively more non-polar than mobile phase, it is called 
reverse chromatography (RP-HPLC); the inverse case is called normal 
chromatography.  One type of chromatography is the Partition Chromatography, 
where a liquid stationary phase forms a thin film on the surface of a solid support. 
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Solute equilibrates between the stationary liquid and the mobile phase. Another type 
of chromatography is adsorption Chromatography, where a solid is a stationary phase 
and a liquid or gas the mobile phase. Solute is adsorbed on the surface of the solid 
particles. Equilibration between the stationary phase and the mobile phase accounts 
for separation of different solute. 
The separation of small molecules by RP-HPLC involves continuous partitioning of 
the molecules between the mobile phase and the hydrophobic stationary phase. 
Polypeptides, however, are too large to partition into the hydrophobic phase; they 
adsorb to the hydrophobic surface after entering the column and remain adsorbed until 
the concentration of organic modifier reaches the critical concentration necessary to 
cause desorption.[71-74] They then desorb and interact only slightly with the surface 
as they elute down the column. RP-HPLC separates polypeptides based on subtle 
differences in the "hydrophobic foot" of the polypeptides being separated. Differences 
in the "hydrophobic foot" result from differences in amino acid sequences and in 
conformation. 
Fast protein separation was reported by RP-HPLC on Octadecylsilyl-Bonded 
Nonporous Silica-Gel.[75] Rapid screening of protein profiles of human breast cancer 
cell lines was achieved by using non-porous reversed-phase high performance liquid 
chromatography separation with matrix-assisted laser desorption/ionization 
time-of-flight mass spectral analysis.[76] Isoelectric focusing nonporous silica 
RP-HPLC/electrospray ionization time-of-flight mass spectrometry was used as a 
three-dimensional liquid-phase protein separation method applied to the human 
erythroleukemia cell-line.[77] 
The ease of up-scaling of chromatography columns renders a good technique in 
processing large amounts of samples.[78]  However, its resolution is limited due to 
the finite rate of mass transfer and low flow rate of the column. And the efficiency of 
separation is limited due to a plate height contribution from mass transfer.[79] The gel 
packed columns also have to be equilibrated with several volumes of buffer prior to 
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use, which is a time consuming process. Down-scaling of gel filtration 
chromatography is also difficult as narrow packed columns often generate 
backpressure. So HPLC systems using gel filled column often experience blockage of 
flow. 
 
1.3 Membrane separation 
 
Although column chromatography has been successfully utilized for purification and 
separation of compounds, some of the problems associated with packed bed 
chromatography can be overcome by using synthetic macroporous and microporous 
membranes as chromatographic media. Membrane based separations have greater 
advantages as they have better energy efficiency and hence, more economical than 
competing separation technologies.[80] 
 
The use of membrane separation dates as far back as 1906 when L. Kahlenberg 
reported a qualitative study on separation of a mixture comprising a hydrocarbon and 
an alcohol through a rubber membrane.[81] Since then, several kinds of ultrafiltration 
membranes have been developed and used commercially in various industrial 
applications.[82] Up till 1960s, the elements of modern membrane science had been 
developed but were still mainly conducted on a laboratory scale. By early 1960s, the 
determining Loeb-Sourirajan process has transformed membrane separation from a 
laboratory process to an industrial process. Building on the Loeb-Sourirajan 
membrane technology, membrane processes including microfiltration, ultrafiltration, 
reverse osmosis and electrodialysis became developed technologies by 1980.[83] 
During the last decade, the use of membrane technology for bioseparations has grown 
rapidly. [84-86] 
 
1.3.1 Mechanisms for membrane separatio 
 
Membrane performance is often measured by the ability of the membrane to prevent, 
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regulate, or facilitate permeation. The rate of permeation and the mechanism of 
transport depend upon the magnitude of the driving force, the size of the permeating 
molecule relative to the size of the available permanent or dynamic transport corridor, 
and the chemical nature of both the particle and the membrane materials.  
 
Membranes that are currently being used commercially for gas/gas, gas/liquid, and 
liquid/liquid separation utilizes three mechanisms: mechanical sieving, controlled 
diffusion, and selective adsorption. Driving forces for these separations can be 
pressure differential, concentration differential, electrical potential differential, or pH 
differential.  
 
1.3.2 Transport phenomena of membrane chromatography 
 
Because the transport of solutes to binding sites for membrane chromatography takes 
place predominantly by convection (Fig. 1.4), reduced process time and recovery 
liquid volume could be expected. And high flow-rates and significantly lower pressure 
drop can be achieved as well. All the above makes membrane chromatography easier 




Figure1.4 Solute transport in packed bed chromatography and membrane 
chromatography 
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Especially, membrane chromatography is particularly suitable for larger proteins (i.e. 
Mr. ＞ 250 000). Because proteins rarely enter pores present in particulate 
chromatographic media and only bind on the externally available surface area of such 
media. Therefore, for larger proteins, the surface area available for binding is 
significantly greater with membranes. The binding capacity of membrane adsorbers 
for smaller proteins is generally lower than with conventional gel-based media, but 
significantly higher than with monodisperse, non-porous, rigid media. 
 
However, these membranes separate solutes based on a molecular size-dependent 
sieving mechanism are ineffective in differentiating similar sized molecules, unlike 
chromatography and capillary electrophoresis. One major factor was due to the non- 
specific adsorption of protein that occurs on the membrane surface.[87] Therefore, 
other parameters are needed to ensure more effective and selective separation. 
 
1.3.3 Three types of membrane absorbers 
 
There are three types of membrane absorbers (Fig.1.5): flat sheet, hollow fibre and 
radial flow and among which flat sheet is the most common one. According to the 
separation chemistries utilized, membrane chromatography is hence known as 
following four types: ion-exchange (IEX),[88] affinity,[89] hydrophobic interaction 
(HI), reversed-phase (RP).  
 
Single flat sheets are rarely used. More often, stacks of several flat sheets are housed 
within membrane modules. A hollow fibre membrane has a tubular geometry with the 
tubes typically ranging from 0.25 to 2.5mm in diameter. A hollow fibre membrane 
adsorber usually consists of a bundle of several hundred fibres potted together within 
a module in a shell and tube heat-exchanger-type configuration. Radial flow adsorbers 
are prepared by spirally winding a flat sheet membrane over a porous cylindrical core. 
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Figure 1.5 Flow in three types of membrane adsorbers 
 
Take the most popular affinity based membrane separation as example, the ligands 
used for affinity based membrane separations are immunoaffinity ligands; Protein A 
or G; Low-molecular-mass ligands as well as other ligands.[90] Hwang etc reported 
the synthesis of sulfonated hollow PP-g-styrene fibrous ion-exchange membrane in 
the application of BSA separation.[88] Ghosh fractionated human plasma proteins and 
purified humanized monoclonal antibody by use of hydrophobic interaction 
membrane chromatography.[91, 92] Miniaturized membrane-based reversed-phase 
chromatography was achieved for protein digestion, peptide separation, and protein 
identification by using electrospray ionization mass spectrometry.[93] 
 
Though membrane chromatography has already been achieved for protein separation, 
there are still some problems which should be solved such as inlet flow distribution, 
membrane pore size distribution, uneven membrane thickness and lower binding 
capacity etc. 
 
1.4 Scope of research 
 
The scope of this research activity is the understanding of the physicochemical 
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principles that govern pore size, pore intensity and pore properties of nanoporous 
alumina in the fabrication and chemical treatment process. This aim is realized by 
characterization of the nanoporous alumina through experiments and theoretical 
studies of principles and kinetics in nanoporous alumina anodization and chemical 
treatment systems. 
 
By electronic anodization and surface treatment with different organic acids, 
successful grafting on both etched glass-supported alumina surface and alumina 
membrane was achieved. Our research program is an effort to pursue novel and 
efficient protein separation devices/techniques while developing optimized condition 
to minimize protein separation time and improve protein separation efficiency. This 
work includes both mechanism investigation and research focusing on the areas of: 
 
 Off-line and on-line detection of planar electrochromatography protein separation 
using self-organized nanoporous alumina material 
 
 On-site detection of multi nano-channel alumina electromembrane protein 
separation  












Fabrication and modification 
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2.1 Introduction 
 
Nanoporous alumina membranes are widely employed for a variety of applications 
including solvent filtration for high-performance liquid chromatography, liposome 
extrusion, micro- and nano-meter filtration. Increasingly, nanoporous alumina 
membranes have been applied in non-filtration related applications such as templates 
for synthesis of nano-wires,[94-96] support for cell cultures,[97] microscopy studies 
and recently, as high surface area support for lipid bilayer formation. All these latter 
applications rely on the same properties which make alumina an attractive material for 





pore size distribution, chemical and thermal stability as well as its rigid support 
structure. 
 
Substrate supported nanoporous alumina prepared from electrochemical anodization 
has its advantages of well controlled pores with variable diameters and high pore 
densities which have found wide use as templates for growth of nanostructured 
materials and catalysis. However, there is little research carried out on chemical 
grafting of nanoporous alumina prepared from electrochemical anodization of 
aluminum. Chemical grafting of alumina surfaces would further enhance its 
performance in filtration and non-filtration applications, in which variation of surface 
property is desirable. 
 
Alumina made from anodization of aluminum have been grafted with poly(ethylene) 
glycol [98, 99] and directly functionalized by organochlorosilanes with the surface 
–OH groups on alumina.[100] These two approaches are generally adopted for 
grafting of silicon-based surfaces with organic compounds. Recently it has been 
shown that using high pressure vials, physical adsorption of organocarboxylic acids 
was achieved on alumina powders and aluminum sheets covered with surface oxides 
(α-alumina) derived from air oxidation.  
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Herein, we describe a surface modification process on alumina films made in-house 
by electrochemical anodization. The reaction is a simple one-pot process which yields 
a stable product with evidence which presently suggests chemical covalent bond 
formed between the carboxylate groups of organocarboxylic acids and the surface 






, Whatman), with thickness of 60 µm, pore size of 100 
nm, porosity of 25-50% and diameter of 13mm, were purchased from Whatman. 
1,2-dichloroethane(99+%), Pimelic acid (C7H12O4) (98+%), 6-aminohexanoic acid 
(C6H13NO2), (99%), and Hexanoic acid (C6H12O2), (98%) were purchased from 
Sigma-Aldrich. And all of above chemicals were used as received.  Proteins, bovine 
serum albumin and lysozyme, were obtained from Sigma and used as received. 
 
2.3 Preparation of nanoporous alumina films  
 
2.3.1 Deposition of Al films 
 
a) Sputtering of Al films 
 
Herein, sputtering and evaporation techniques were used for the deposition of 
aluminum layer on glass substrate.  
 
First, Microscopy glass slides were cleaned by sonicleaning using Elmasonic Cleaner 
in various solvents in the following order: 1,2-dichloroethane, acetone, ethanol and 
distilled water and dried in oven at 120 °C for 4 hours. Secondly, Aluminum films 
were produced on microscopy glass slides by RF sputtering machine (Discovery®-18 
Sputtering System) by using a 99.999% Al target in an argon atmosphere.  
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The sputtered surface in terms of grain size, uniformity, sputtering speed, and 
thickness were affected by different sputtering parameters employed during the 
sputtering process. These affecting parameters mainly include power of RF gun, flow 
rate of activation gas, spin speed of the holder, and sputtering time. 
 
The Al film deposition conditions using RF-sputtering were indicated as below: 
 RF Gun Supply was under 200W 
 Argon (Ar) flow rate used in the chamber was 60 sccm (standard cubic 
centimeter) 
 Chamber pressure was 10-7 Torr  
 The pre-sputtering time was kept the same for every deposition: 180 seconds to 
remove the impurity on target surface; 
 Sputtering time range from 1800 to 7200sec was applied on the substrates during 
the experiments 
 
b) Evaporation of Al films 
 
Aluminum films were also produced on glass slides by bench top evaporator (Fisons 
E6300 evaporator instruments) using a 99.99% Al wire in vacuum atmosphere. Thin 
films of nanometer thicknesses were formed on the glass substrates.  The aluminum 
was further annealed in vacuum oven at 300 °C for 6 hours after evaporation in order 
to improve stability of the film, which was found to „flake off‟ the glass slide during 
use, before annealing. 
 
Fig. 2.1 shows the SEM images of deposited aluminum by both sputtering and 
evaporation methods. Different morphology and properties of aluminum particles 
were observed. Sputtering produced a surface comprising aluminum particles rather 
than uniform aluminum films with thicknesses of ca. 100 µm which shows the crystal 
morphology. And the aluminum surface by evaporation seemed as non-crystal 
structure.  
- 34 - 
 
One possible reason is due to the continuous process of sputtering. During sputtering 
the plasma keeps on affecting the aluminum target for several hours, while evaporator 
only takes a few seconds to melt the target aluminum wire and the aluminum vapor 
would fill the whole chamber and then deposit on substrate located in the chamber. 
Compared to sputtering, evaporation method gave a larger range of aluminum particle 
size and after vacuum oven treatment the particle size seemed more uniform as 
expected. Because of the more uniform aluminum particle size distribution of 
sputtering aluminum film comparing to evaporated ones, all the aluminum films used 
in this thesis were fabricated by sputtering technique. 
 
 
           (a)                    (b)                     (c) 
Figure 2.1 SEM micrograph of the aluminum by (a) sputtering, (b) evaporation 
without annealing, (c) evaporation with annealing 
 
2.3.2 Electrochemical anodization and surface etching of glass-supported 
alumina 
 
Electrochemical anodization of the aluminum films was performed according to 
procedure described in reference. [94,101,102]At room temperature (25 °C) the 
sputtered aluminum film was anodized at a voltage of 40 V, in 0.10 M oxalic acid for 
3 min. The anodized film was then rinsed with de-ionized water thoroughly, dried in 
air, and immersed in a solution containing 0.20 M chromic acid and 0.30 M 
phosphoric acid mixture for 5 min. The film was rinsed with de-ionized water again, 
and anodized in 0.10 M oxalic acid for another 3min. Finally，after the second 
anodization step, the device was rinsed with de-ionized water and tried in vacuum 
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oven at 40 °C before use.  
 
In order to obtain different pore size on alumina surface, etching process for pore 
widening was carried out at room temperature by controlled time exposure to a 
solution of 0.3 M phosphoric acid (aq). Finally, the samples were dried in oven at 
120 °C for 2 hrs. 
 
2.4 Characterization of glass-supported anodized alumina  
 
Morphology and microstructure of alumina surfaces were observed using field 
emission scanning electron microscopy (FEI, XL30-FEG SEM) with an energy 
dispersive X-ray analyzer (EDX). Scanning Electron Microscopy (SEM) pictures in 
Figure 2.2 clearly show that different pore sizes were achieved by different etching 
time in 3wt% phosphoric acid. The pore sizes range from 10 nm to 100 nm with 
regular pore structures.  
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Figure 2.2 SEM pictures of glass-supported alumina film with different pore 
sizes 
 
Increased pore sizes were observed with extension of the surface etching time in 
3wt% phosphoric acid, as shown in the SEM images of Fig. 2.2. On the 
glass-supported alumina surface without etching in phosphoric acid, about 10 ~ 20nm 
pores was investigated as shown in Fig 2.2A. Between the pores there are 100 ~ 
200nm wide “alumina wall”.  
 
When etching process takes place, a layer of alumina surface in all dimensions 
exposed to the etching solution was shaved off. The longer the etching time, the more 
of the alumina layer were removed. As a result, the alumina wall became thinner, and 
the pores became larger (from Fig 2.2 B to D). In addition, a decrease of the surface 
roughness was found due to the higher possibility of the outlet surface exposed to 
bulk etching solution. However, when the etching time was extended to 60 minutes 
(Fig 2.2 E), some of the alumina walls were totally removed away, which resulted in 
the combination of the pores. 
 
In addition, the cubic particle sizes of about 300~500nm in Fig 2.2 A are similar in 
shape as those original sputtered aluminum particles (shown in Fig 2.1a). A 
possibility exists that the alumina particles are derived from sputtered aluminum 
particles. The size increase of these cubic alumina particles (300~500nm) from 
original aluminum particles (70~150nm) can be due to: 1) the crystal unit size 
increase after Al growing to Al2O3; 2) the introduction of alumina channels helps 
increase particle size.  
 
From Fig 2.2 B to Fig 2.2 E it can also be observed that pores are formed within the 
scale of the aluminum particles. It is probably that the individual aluminum particles 
produced by sputtering form as the surface unit when alumina grows. During the 
growing process, successive aluminum supply for further alumina growth only comes 
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from the individual alumina particles rather than the whole aluminum films. Different 
from those annealed aluminum or aluminum films with a uniform surface on which 
the whole aluminum surface acts as successive aluminum supply source for alumina 
growth, the naturally formed nonconductive alumina on the surface between the 
individual sputtered aluminum particles forms as a gap for one aluminum particle to 
supply the other when alumina grows. Therefore, the original size of aluminum 
particles is one of the factors (anodizaiton voltage, electrolyte, and so on) which 
determines or limit alumina pore size. This is also the reason when etching time 
beyond 60 mins, the surface becomes destroyed. 
 
Fig. 2.3 shows the SEM images of anodized nanoporous alumina fabricated by 
evaporated aluminum with and without vacuum oven treatment. The alumina pore 
size was similar for the alumina with and without annealing treatment. Basically, the 
pore size increases with the increasing of the etching time in 3wt% phosphoric acid. 
With 15min etching time, alumina pore size was about 40-50nm and with 30min 
etching time, the pore size increased to 45-50nm and 45min for 55-65nm. The 
anodized alumina pores fabricated from evaporated aluminum are slightly smaller 
than those by sputtering. Though the morphology of aluminum with and without 
vacuum oven treatment is quite different, it seems to have no obvious affect on 
corresponding alumina. By comparing the aluminum properties fabricated by 
evaporation and sputtering, both methods can be used for aluminum thin film 
deposition. And nanoporous alumina layer can be fabricated by electrochemical 
anodization based on this aluminum thin film materials, 
 
 
(a)                                 (b) 
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Figure 2.3 SEM pictures of anodized alumina (a) with vacuum oven treatment 
(etching time 30mins, 50nm) (b) without vacuum oven treatment (etching time 
30mins, 50nm). 
 
2.5 Mechanism of forming of anodized alumina 
 
The actual mechanism of forming the highly regular structure of the alumina is still 
uncertain, but it is believed that fluxion of the anions and water molecule towards the 
alumina/liquid interface helps shape the pores within the porous layer. Fig. 2.4 shows 
the formation mechanism of alumina nanopores on aluminum particles during the 
electrochemical anodization.  
 
At the beginning, a non-porous alumina is formed (shown in Fig 2.4 step1, 2), as 
further alumina forms via outward movement of Al cations and inward movement of 
anions and water molecules (shown in Fig 2.4 step3). With these continuous 
movements of Al cations, anions and water molecules, alumina successively grows 
from the underlying aluminum substrate which acts as Al element source to support 
this oxide growth.  Conversely, due to the formation of the non-conductive Al2O3 the 
anodization rates decreases, which is indicated by anodization current dropping from 
more than 150 mA to about 10 mA in the first ten seconds, and later the current stays 
at 2 mA.  
 
After the first step of anodization, the samples are immersed in a solution containing 
both chromic and phosphoric acid. This solution thins down alumina walls formed in 
the first step of anodization by etching (Fig 2.4 step 4). Hence the following pores 
structure is shaped to form in the second anodization step (Fig 2.4 step5). After 
second anodization accomplished, these porous alumina are further etched in 3% 
phosphoric acid to widen the pores (Fig 2.4 step 6).[103] 
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Figure 2.4 Mechanism of electrochemical anodization and etching process 
 
2.6 Chemically grafted nanoporous alumina surface 
 
2.6.1 Preparation of chemically grafted etched glass-supported alumina films 
 
Glass-supported alumina films were etched before the chemical modification 
procedure, in order to improve the chemical modification process. Etching was 
carried out as described above in section 2.3.2 with the etching time of 30 mins. 
Alumina films were chemically modified by refluxing alumina in a variety of 0.3M 
organic acids with six carbon atoms in 1,2-dichloroethane for 2 hours, a procedure 
determined from previous studies. [104,105] Fig. 2.5 shows the possible reaction 
scheme of the modification process. 
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Three organic acids: heptanediolic acid, 6-aminohexanoic acid and hexanoic acid 
were used for surface modification. Following modification, alumina films were 
rinsed with deionised water after modification and dried in an oven at 70°C before 
use.  
 
Table 2.1 Types of acid used for modification 
 
Type of acid used for modification R= 
Pimelic acid COOH 
6-aminohexanoic acid NH2 
Hexanoic acid CH3 
 
2.6.2 Contact angle analysis of chemically treated alumina films 
 
Wettability of the original and organic-acid-modified alumina films was determined 
by using Ramé-Hart Inc. NRL C.A. goniometer (Model No. 100-00-230). The 
specimens were placed in vacuum oven for overnight to thoroughly remove water 
residue on alumina before measurement. Water droplet was placed evenly on 
glass-supported alumina surface and contact angle was measured. Contact angle 
measurements were obtained at eight different locations along the alumina surface 
and the values were averaged.  
 
Table 2.2 shows contact angle results for glass-supported alumina film samples with 
different pores sizes. The results indicate increases in contact angles on alumina 
surface as the alumina pore size increased, suggesting an increase of hydrophobicity 
of the surface. [106] 
 
Table 2.2 Contact angle measurement on glass-supported alumina films with 
different pores sizes 
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Contact angle measurements were also carried out on etched glass-supported alumina 
surface before and after surface modification by three different organic acids, which 
result is showed in Table 2.3. The etching time for both bare alumina and the 
modified alumina films was 30 minutes in 3wt% phosphoric acid.  
 
Table 2.3 Contact angle measurement of glass-supported alumina films modified 
by different organic acids 
 
Alumina Surface Contact angle (°) 
Bare Alumina 98.5 
Alumina Surface modified by heptanediolic 
acid 
106.1 
Alumina Surface modified by 
6-aminohexanoic acid 
110.1 
Alumina Surface modified by hexanoic acid 116.4 
 
In general, the contact angle of the modified alumina surfaces was significantly 
increased than that of the bare alumina surface, which indicated the presence of 
organic groups on the surfaces and therefore proved that the organic groups have been 
modified on alumina surfaces. Increasing contact angle showed that the organic 
groups on the alumina surface caused an increase of alumina surface hydrophobic. 
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The consistent contact angle measurement for these alumina samples possessing 
different pore sizes suggested the possibility of using these chemically treated 
samples in applications that consistent surface hydrophobicity was required or in 
applications in which this property is critical to the application performance. Clearly, 
these results indicated the potential of varying surface properties of alumina by 
choosing appropriate functional groups of the organic acids employed during the 
chemical treatment procedure. 
 
2.6.3 XPS study of chemical treated glass-supported alumina film 
 
X-ray Photoelectron Spectroscopy (XPS) analyses were carried out on the unmodified 
and modified alumina films, to determine their surface compositions.  All samples 
were characterized by using Kratos X-ray Photoelectron Spectroscopy AXIS 
Instrument.  Spectra were recorded using monochromatic Al Kα radiation under 
standard conditions, including uniform charge neutralization with the patented AXIS 
charge neutralization system. Survey spectra were recorded typically with 1 eV 
channel width and total acquisition time of 300s.  High resolution regions were 
recorded at 0.05 eV step width with 5 sweeps of 60 s. Peak fitting and presentation 
output were produced by an integrated VISION control and information system. All 
spectra were presented charge balanced and energy referenced to C 1s at 284.5eV.  
 
Chemically grafted alumina surfaces were prepared using a covalent coupling 
technique as described in section 2.6.1. XPS survey scans were taken using XPS on 
Al 2p, C 1s, F 1s and N 1s respectively to determine the elemental surface 
composition of unmodified and organic acid-modified alumina films. The survey scan 
for the unmodified surface shows distinct peaks for Al2p (72 eV) and O1s (528 eV) as 
well as peak for C1s (285 eV) due to contamination by organic impurities in the 
chamber.  
 
Fig. 2.6 shows the XPS study of N 1s peak on 6-aminohexanoic acid grafted 
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glass-supported alumina surface. The N 1s peak at binding energy of 399.7eV with an 
intensity of about 1870 (element percentage of 0.73% in 100% total elements 
including Al, O, C and N) was obtained from the XPS spectrum for 6-aminohexanoic 
acid grafted glass-supported alumina surface, while N 1s peak was totally absent in 
the untreated alumina films as well as in the other two organic acids treated alumina 
surfaces. The appearance of N 1s peak in only 6-aminohexanoic acid grafted 
glass-supported alumina surface proved that the success of chemical modification of 
amino acid on the alumina surface. 















Figure 2.6 XPS spectra of the N (1s) region of 6-aminohexanoic acid modified 
alumina film 
 
Compared to the unmodified surface, the survey scans for both 6-aminohexanoic 
acid-modified alumina film and heptanediolic acid-modified alumina surface showed 
an increase of C 1s (285 eV) peak intensity as well as a decrease of Al 2p (72 eV) 
peak intensity (Fig. 2.7). Since XPS approximately analyzes a surface layer of 
thickness ca. 50 Å, these results confirmed the presence of 6-aminohexanoic acid and 
heptanediolic acid moieties on alumina surfaces. 
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Figure 2.7 Survey scans for unmodified, 6-aminohexanoic acid and heptanediolic 
acid modified alumina film 
 
To further support the presence of heptanediolic acid and 6-aminohexanoic acid 
moieties on alumina surfaces, high resolution scans of C1s peaks were taken (Fig. 2.8). 
There was a distinct increase in the overall intensity of the C1s peak after 
modification for organic acid modified alumina surfaces. The C1s peak for 
unmodified alumina surface consists of peak at 284.5 eV which is the C-C peak 
(carbon is present on the unmodified alumina membranes due to contamination and 
impurities). While after chemical modification with the carboxylic acids, two more 
photoelectron peaks were observed at 288.5 eV and 286.2 eV, which stood for the 
Carbon of C=O (288.5eV) and that of C-O (286.2eV) respectively. These 
photoelectron peaks would evolve after the esterification of the terminal carboxylic 
groups with the hydroxyl groups on the alumina surface or the physical absorption of 
organic acid on alumina surfaces. The C-O peak and C=O peak on both kinds of 
modified alumina films suggest the appearance of heptanediolic acid and 
6-aminohexanoic acid moieties after surface modification process.  





















 6-Aminohexanoic acid modified alumina
 Pimelic acid modified alumina
 
Figure 2.8 XPS spectra of C (1s) region of bare alumina surface, 
pimelic-acid-modified alumina and 6-aminohexanoic-acid-modified surface 
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In addition, the C-C peak at 284.5eV for the pimelic-acid-modified and 
6-aminohexanoic-acid-modified alumina films exhibited a slightly asymmetric 
photoelectron peak centered at 284.4 eV, which is characteristic of the carbon C in the 
internal units of the methylene chain (CH2CH2CH2),[107] which indicated the 
















Planar electrochromatography  
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Size separation of protein molecules using anodic porous alumina as a separation 
matrix in electrophoresis was proposed. The bottom of the fluid channel was made of 
a porous alumina membrane that has uniform nanoscale pores on its surface. Since 
smaller molecules are much more frequently trapped by nanopores than larger ones, 
larger molecules elute earlier than smaller molecules. This type of separation is the 
same process as that resulting from size-exclusion chromatography. When different 
protein samples were applied to the fluid channel, they migrated in different velocity, 
with the larger molecules eluting earlier.  
 
3.1 Mechanism for planar electrochromotography protein separation 
 
There are mainly two driven forces in electrochromatography separation process like 
the mechanism in normal phase (NP) and reversed phase (RP) planar 
electrochromatography (PEC). The mobile-phase migration is primarily due to 
electroosmotic flow, which is controlled by the applied electric field; capillary 
mediated flow is an important secondary contributor to migration. PEC is also termed 
as electroosmotic TLC or planar dielectrochromatography,[108] which uses of 
low-volatility mobile phases aimed at decreasing evaporation and improving 





Figure 3.1 Schematic of planar electrochromatography separation mechanism 
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The migration velocity of charged particle in electric field is defined as equation (1), 
which is proportional to the electronic field strength E, and hence the ratio of the 
voltage: distance between electrodes. 
νep= qE/6πηr  ………….. (1) 
 
Because there are so many molecules of negatively charged SDS, the net charge on 
the protein is swamped and all the proteins end up with a constant mass to charge 
ratio which is determined by the SDS. Thus all proteins will move towards the 
positive electrode (anode), but at a rate that depends on their ability to migrate on the 
surface of alumina slides. Since the proteins are all unfolded, they have roughly 
similar shapes and they tend to migrate along the nanopores of alumina surface. 
Bigger molecules can do this better than smaller molecules for that smaller molecule 
will drop inside the pores while bigger ones will not, which is in contrast with gel 
filtration. Big molecules have higher electrophoretic mobilities in 
electrogramotography than small molecules. Thus, the electrophoretic mobility in an 
alumina layer is inversely proportional to the width of the alumina channel in which 
proteins moves along.  
 
Also the migration velocity is strongly depends on the depth of the channel.  
Because every protein molecule is moving in Brownian motion, if the depth is too big 
compared to the Brownian motion range of each molecule, seldomly the molecules 
would touch the bottom during electrophoresis. So the nanopores of alumina material 
would not affect much of the molecular migration. And if the width of the channel 
was too big, the broadening of the sample would be increased during migration and 
the separation efficiency would be reduced accordingly. 
 
3.2 Off-line detection of protein separation on nanoporous alumina surface 
 
Two proteins of different sizes, Bovine Serum Albumin (BSA, MW = 66.5kDa) and 
Lysozyme (MW = 14.3kDa) were used in all experiments. Sodium dodecyl sulfate 
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(SDS) was used as an anionic surfactant to denature proteins with a negative charge. 
10% (W/V) SDS solution from 1
st
 Base was used after dilution. SDS dissociates 
proteins in their constituent polypeptide chains and binds tightly to proteins at about 
1.4 mg SDS/mg protein. Protein-SDS complexes would hence migrate towards the 
anode under electronic field.  
 
3.2.1 Layout of experiment set-up 
 
Layout of experiment set-up is showed as Fig. 3.2. Adhesive was used to bond a glass 
cover over the alumina films, forming a channel with the dimensions being 
40mm×8.5mm×0.45mm (measured with vernier callipers).  Unless otherwise stated, 
18.0 mL of protein solution of concentration 700ppm were placed in feed beaker. An 
equal volume of buffer was introduces to the collecting beaker.  The distance 
between electrodes was maintained at 10 cm. For all investigations, a potential of 













Figure 3.2 Layout of electrophoresis experiment set-up 
 
3.2.2 Correlation of apparent protein concentration 
 
At 10 minute intervals, 1mL of solution was sampled from the collecting beaker and 
replaced with an equal volume of buffer. Protein concentration in the sampled 
solutions was determined using UV spectroscopy at 280nm. As this sampling method 
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does not provide real-time measurement of the protein concentrations, there is a need 
to correlate the apparent protein concentration to the actual protein concentration (had 
there not been a dilution at each sampling point). 
 
At time t0, [protein] in collecting beaker = x0, 1ml was sampled from n mL and the 
buffer was added to the collecting beaker to top up the volume. The resultant solution 
has a concentration of (n-1)/n × that of the original. Between t0 and t1, more protein 
migrated into the collecting beaker due to the applied electric field. This increase is 
termed Δx. At t2, the apparent protein concentration measured from UV spectroscopy 
= 
n
n 1 x0 + Δx.  Hence Δx = [protein] apparent - 
n
n 1 x0.  The extrapolated actual 
protein concentration is hence x1 = x0 + Δx..  All graphs were plotted using this 
extrapolated actual concentration.   
 
A parameter α is defined as [BSA]/[Lysozyme]. This is also known as the 
accumulated selectivity ratio at different sampling times.  Following the principles of 
size-exclusion, a value of α > 1 would indicate that BSA travels faster than Lys over 
the alumina films, which means that nanoporous alumina is able to distinguish 
proteins based on difference in size. The higher the α value, the better the separation 
effect. 
 
3.2.3 Off-line protein separation under different conditions 
 
a) Variation of surface and pH 
Combination of surface modification and pH were used to investigate effects of 
surface charge on protein migration. Alumina used were all 100nm thick with etching 
time in phosphoric acid for 30 min. Bare alumina and modified alumina with 
heptanediolic acid (HO2C(CH2)5CO2H）, 6-aminohexanoic acid (NH2(CH2)5COOH) 
and hexanoic acid (C5H11COOH) based devices were used for comparing the 
separation effect. 
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Two buffer solutions with different pH value were used. One buffer at pH 8.3 contains: 
25mM Tris, 192mM glycine, 0.1% SDS, which is the typical buffer composition used 
for SDS-PAGE. As SDS is an anionic surfactant, the anode was placed in the 
collecting beaker and cathode, in the feed beaker. Another buffer at pH 5.5: 20mM 
acetate; adjusted to pH with NaOH and 0.1% (w/v) Cetyltrimethylammonium 
bromide (CTAB). Since CTAB is a cationic surfactant, proteins were denatured with 
positive charges. The polarity of electrodes had to be switched, with cathode in the 
collecting beaker and anode in the feed. Though alumina is amphoteric, it would not 
react at above mild acidic/alkaline condition. 
 
At pH 8.3, the concentration of BSA at all sampling points is greater than that of 
lysozyme (Fig. 3.3).  The two plots form a divergent shape, an indication that the 
rate of increase in [BSA] is greater than the rate of increase in [Lys]. This is in 
accordance to the principles of SEEKC where the rate of migration is larger for the 





























Figure 3.3 Protein concentrations against time (bare alumina surface) 
 
However, when the values α were calculated, selectivity ratios of < 2 were obtained. 
Adsorption of proteins to the alumina surface may have occurred, given the fact that 
alumina substrates have been used for the immobilization of bimolecular in the 
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making of sensors.[110] So the next strategy was to modify the membranes with 
organic acids in order to reduce the absorption of protein on the alumina surfaces. Yu 
had modified alumina with derivatives of polyethylene glycol (PEG) to reduce the 
adsorption of proteins.[111] Experiments were repeated using modified alumina films 
in place of bare alumina and the selectivity ratios α were calculated. Fig. 3.4 shows 















Figure 3.4 Selectivity ratios at pH 8.3 
 
These general trends were observed: α across heptanediolic acid surface> α across 
hexanoic acid surface > α across bare alumina surface > α across 6-aminohexanoic 
surface. Modification with heptanediolic acid results in a significant increase in α as 
protein adsorption to the surface is reduced.  At pH 8.3, more than 99% of the 
surface carboxylate groups of heptanediolic acid (pKa1 = 4.48) are deprotonated, 
resulting in a negatively charged surface. SDS-bound proteins are also negative 
charged. Because of the electronic repulsion, modified alumina surface had decreased 
tendency to adsorb protein molecules.  
 
Experiments done using the hexanoic acid modified surface also demonstrated greater 
values of α compared to those using bare alumina. The surface of the hexanoic acid 
modified surface is similar to that of widely practiced poly(ethylene glycol) coating. 
[112] Both molecules are neutral and protrude from the alumina surface with a methyl 
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cap. Hexanoic acid modified membranes were more hydrophobic hence adsorbed less 
protein.  
 
Values of α were consistently low in the investigations which used the 
6-aminohexanoic surface (pKa=9-10). This is because at pH 8.3, the amine groups on 
the surface remain protonated (R-NH3
+
). Instead of simple physical adsorption, 
proteins are now electrostatically attracted to the surface. This causes surface fouling 
as nanopores are filled with protein molecules. Remaining protein molecules which 
migrate from the feed beaker would therefore migrate over a diminished porous 
structure, leading to poor selectivity. 
 
It is observed that the shape of plots using heptanediolic acid and hexanoic acid 
modified membranes have a significantly different trend from plots using bare 
alumina and 6-aminohexanoic modified membranes. These plots corresponding to 
good selectivity have an initial high initial value of α, followed by a subsequent 
decrease. . This is due to the initial absence of lysozyme as it was retained by the 
nanopores and required a longer time to reach the collecting beaker. Once lysozyme 
migrates across the nanoporous film, the value of α will start to drop.  
 
A second set of experiments were performed at an acidic pH to further investigate the 
effects of surface charge and pH on protein migration. A cationic surfactant was 
employed to denature proteins. Fig. 3.5 shows the plots of α= [BSA]/[Lys] against 
time over the four surfaces at pH 5.5.  
 















Figure 3.5 Selectivity ratios at pH 5.5 
 
These general trends were observed: α across 6-aminohexanoic acid modified 
surface > α across bare alumina surface > α across heptanediolic acid modified 
surface > α across hexanoic acid modified surface.  
 
At pH 5.5, values of α = [BSA]/[Lys] across the 6-aminohexanoic acid modified 
surface was consistently greater than the α values for the other 3 surfaces. As this pH 
is lower than the pKa of 6-aminohexanoic acid of 9-10, the amine groups on the 
surface remain protonated.  The surface hence possesses a positive charge. Proteins 
denatured by CTAB also have positive charges, and are not adsorbed to the surface as 
like charges repel. Good selectivity is thus achieved. 
 
The heptanediolic acid modified surface remains negatively charged at pH 5.5. 
Proteins with positively charges are electrostatically attracted to the surface, which 
results in the clogging of pores, thus reducing its size and depth. The size-exclusion 
properties of the nanopores are hence diminished and poor selectivity results. 
 
From the investigations where the surface and pH of experiments were varied, it is 
evident that good separations can be obtained when modified alumina membranes are 
placed at a pH such that the nanoporous alumina surface and proteins have charges of 
the same sign. Good selectivity results when protein and surface have opposite 
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charges at pH 8.3 with heptanedioic acid and pH 5.5 with 6-aminohexanoic acid. Poor 
selectivity is obtained when the proteins and surfaces are of opposite charges. 
 
b) Variation of pore size and pore depth 
 
Combination of layer thickness and etching time were used to control pore depth and 
size to investigate the effects of pore size on retention of protein. 
 
We propose that the retention of protein is based on a composite of two factors:  the 
probability of a molecule falling into the pores (determined by pore diameter) and the 
residence times of molecules in the pores (determined by pore depth). In order to 
evaluate the effectiveness of nanoporous alumina on protein separation, the effects of 
pore dimensions and depth on selectivity were investigated. 
 
Three variations of film thickness with two variations of etching time gave 6 different 
conditions of pore depth and diameter.  Pore size diameter was controlled by varying 
the etching time of anodized alumina films in phosphoric acid. Pore diameters 
typically increases with the duration of etching in phosphoric acid.[113] Pore 
diameter was also found to be largely independent of the thickness of sputtered Al 
film.  The details of alumina pore size and etching time relationship have been given 
in chapter 2.4. 
 
Pore depth was controlled by varying the thickness of sputtered aluminum. The 
thicker the aluminum layer, the longer it would sustain a non-zero current during 
anodization. The extent of pore growth (increase in depth) increases with time period 
of anodization. Thicker films consequently lead to deeper pores. A sputtering time of 
0.5hr would give thickness of aluminum of about 200nm, 1.0hr of 400nm and 1.5hrs 
of 600nm.  The anodization process would build up even higher walls of every pore 
and the ratio of thickness of alumina to that of aluminum is around 1.5. So the 
corresponding thickness of alumina after anodisation was about 1.5 times that of the 
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aluminum. 
 
Fig. 3.6 shows the selectivity ratios obtained with different pore diameters and depth. 
An increase in the film thickness of sputtered aluminum resulted in higher selectivity 
for all etching times. Good selectivity α was obtained for 1.5 hrs sputtering time with 
aluminum thickness of 600nm, which was also the only etching time/pore diameter 
that gave the desired graph shape with a high initial value of α. All plots gave the 
graph shape with a high initial value of α but the best selectivity was obtained with 
the smallest pore diameters. After the 2
nd
 sampling point, films etched for 10 minutes 
gave consistently higher values of α. It is evident a variation in pore depth results in a 
change of the system electivity, even when the same pore size is used. It is hence 
concluded that the retention of the smaller protein, lysozyme and exclusion of the 
larger protein, BSA are dependant on both of pore diameter and depth. 
 































 0.5hr sputtering 10 min etching
 1.0hr sputtering 10 min etching
 1.5hr sputtering 10 min etching
 0.5hr sputtering 20 min etching
 1.0hr sputtering 20 min etching
 1.5hr sputtering 20 min etching
 
Figure 3.6 Selectivity ratios obtained with different sputtering time and etching 
time  
 
Conversely, if the pore diameters are too small, even the smaller protein would end up 
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being excluded from the stationary phase of nanoporous alumina. Poor selectivity 
would also result. Even when pore diameters are in the correct size range, good 
selectivity could not result when pore depths are inadequate. The pore diameter 
determines the probability of the smaller molecules being trapped by the pores and it 
is the pore depth that determines the retention time of proteins. 
 
It is inferred that the residence time of protein in the shallower pores is insufficient for 
effective retention. Molecules of proteins either glide over the surface or escape from 
the pore shortly after their entry. Deeper pore increases the residence time of protein 
in the nano pores, thus offering a greater distinction between the rates of migration of 
the two proteins. Theoretically, the deeper the pores, the longer the residence time of 
smaller protein and the greater the selectivity. This is however subjected to practical 
constraints as the elution time of protein increases correspondingly.  
 
3.3 On-line detection of electrochromatography protein separation  
 
In order to facilitate the experiment process and shorten the test period and to use 
electrochromatography protein separation in online environmental and medical 
detection application, real time detection was carried out. On-line detection of 
electrochromatography protein separation device using nanoporous alumina is based 
on the former set-up (Fig. 3.1). The bridge made of one alumina slide and another 
glass cover slide between two beakers was fixed under an OPTIKA N-400FL 
microscope with blue UV light source of excitation wavelength at around 425±20nm 
for detection. A USB2000 Fiber Optic Spectrometer with bandwidth from 350nm to 
1000nm was used to collect the spectra.   
 
3.3.1 Fluorescence dye labeling of proteins 
 
Two Fluorescence Dyes were used. Atto 425 NHS was purchased from Fluka and 
used to label lysozyme with absorption maxamun (Abs. max.) at 436nm and emission 
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maximum (Em. Max.) at 484nm in H2O. Alexa Fluor 430 was purchased from 
Invitrogen and used to label BSA with Abs. max. at 434nm and Em. max. at 531nm in 
H2O.  
 
a) Labeling method of Lysozyme with Atto 425 NHS ester 
 
2 mg/mL protein was dissolved in bicarbonate buffer (0.1 M, pH 8.3) and 2 mg/mL 
Atto 425 NHS ester in DMSO were prepared immediately before conjugation. A 
threefold molar excess of Atto 425 NHS ester was added to the protein solution and 
the reaction was incubated at room temperature for 60 min under constant stirring.  
 
b) Labeling Protocol of BSA with Alexa Fluor 430 
 
~10 mg of protein was dissolved in 1 mL of 0.1 M sodium bicarbonate buffer. 10 
mg/mL of amine-reactive Alexa Fluor 430 in DMSO was prepared freshly before 
conjugating as reactive compounds were not very stable in solution. While stirring the 
protein solution, 50–100 μL of the reactive dye solution was slowly added. This 
volume corresponded to 0.5–1 mg of amine-reactive dye. Subsequently, the reaction 
mixture was incubated for 1 hour at room temperature with continuous stirring.  
 
c) Separate the conjugate from unreacted labeling reagent 
 
The labeled protein was separated from unreacted dye by SephadexTM G-25 gel 
permeation chromatography. The column was eluted with phosphate buffer of pH 7.2 
(22 mM). The first fluorescent band was the labeled protein which was collected for 
further use, while free dye was eluted in a second fluorescent band.  
 
d) Storage of protein conjugates 
 
For short term storage less than several months, protein conjugates were stored under 
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the same conditions used for the unlabeled protein in solution at 4°C. For long-term 
storage, aliquots were frozen at –20°C to avoid repeated freezing and thawing and 
protected from light using alumina foil. Before use, the conjugates were centrifuged in 
a micro-centrifuge to remove any aggregates which might have formed. 
 
3.3.2 Fluorescence spectra of labeled protein 
 
1*Tris Buffer of pH 8.3 with 0.1% SDS was used for all the experiments. The 
Fluorescence emission spectra of Alexa 430 labeled BSA, Atto 425 labeled Lysozyme 
and the mixture are shown in Fig 3.7. 
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Figure 3.7 Fluorescence emission spectra of labeled BSA, lysozyme and the 
mixture  
 
Besides the maximum emission wavelength of two different conjugated proteins, the 
half-intensity width (HIW) (Full-width at half-maximum (FWHM)) was used as 
another important factor to identify the elution of labeled proteins. FWHM of a 
curved function is the distance between the points where the intensity is half of the 
maximum one. For a pure fluorescence material the FWHM is constant. Fig. 3.7 
shows the emission spectrum of two labeled proteins. Conjugated BSA showed a 
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broad peak with λ Max at 545.5nm and a FWHM of 94.4 nm. Atto 425 labeled 
Lysozyme gave the λ Max at 490.56nm and a shoulder peak at 509nm. The FWHM for 
Atto 425 labeled Lysozyme is 60.39nm. While the λ Max and FWHM of two tagged 
protein mixture depend on the ratio of the two proteins and with different component 
of two proteins the λ Max and FWHM will change accordingly.  
 
3.3.3 Planer electrochromatography protein separation 
  
As trends shown from off line protein separation experiments, smaller pore size and 
thicker alumina film would conduce to higher separation efficiency. So for all on-line 
detection experiments alumina slides were sputtered for 1.5 hours with aluminum 
thickness of about 600nm and etched for 10 minutes in 3% phosphoric acid with pore 
size of about 10-20nm. The distance between two electrodes was 12cm. Double side 
tape was used to make the gap between the alumina surface and glass cover slide.  
 
A series of devices and experimental conditions are designed and fabricated in order 
to optimize the electrochromatography protein separation condition. Different from 
off-line detection, a small amount of tagged protein of about 15µl was loaded into 
one end of the separation channel between the bottom alumina and the glass cover. 
The distance from the protein loading point to the observation point was 3.7cm. 
 
3.3.3.1 Planer electrochromatography protein separation by broad channel 
 
Double side tape was used to make the gap between the alumina surface and glass 
cover slide with the height of about 1.0mm and width of 1.5mm. 
 
a) Variation of electronic field strength 
 
Fig. 3.8 shows the electropherogram of two tagged protein mixture as a function of 
elapsed time under voltage of 400V at wavelength of both 490nm and 560nm. Under 
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certain separation condition the retention time of a protein is a unique characteristic so 
it can be used for protein identification purposes. The retention time of a solute is 
taken as the elapsed time between the protein loading time and the elution time of the 
maximum solute intensity. Under driving voltage of 400V, the maximum elute 
intensity was detected with the retention time of 89.8sec at both detection wavelength. 





















Figure 3.8 Electropherogram under voltage of 400V  
 
Fig. 3.9 shows the fluorescent spectrum at retention time of 89.8sec under 400V. The 
fluorescent emission spectrum showed the λ Max at 492.01nm and a shoulder peak at 
514.03nm with 96.08nm FWHM. The fluorescence emission peak value as well as the 
FWHM indicated that the observed peak consisted both of two labeled proteins. 
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Figure 3.9 Fluorescent spectrum under 400V 
 
Lower electronic potential of 200V was applied by using the same device. Under 
lower driving voltage the retention time was extended to 157.37sec, which is about 
two times that under 400V.  Unlike the single elution peak under 400V, two peaks 
were observed separately at the retention time at wavelength of both 490nm and 
560nm (Fig 3.10). The fluorescence emission spectra gave two peaks with λ Max at 
492nm and 515nm.The FWHM value was about 96.0 nm. Again a mixture of two 
proteins was indicated. The two peaks eluting one after another may be due to the 
unconnected injection. Because the separation channel size was in mm scale, 
unconnected protein injection was probably caused by broad channel and therefore 
discrete injection was caused when loading the protein samples into the channel.  
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Figure 3.10 Electropherogram under voltage of 200V 
 























Figure 3.11 Fluorescent spectrum under 200V 
 
Experiment under 100V was also carried out and again two broader elute peaks were 
obtained at 490nm and 560nm (Fig. 3.12). The retention time for the first elute peak 
was 314.97sec, which was about two times that under 200V. This was consistent with 
the retention time obtained under 400V and 200V, which indicated that the retention 
time was affected by the electronic field strength by electrophoresis mechanism when 
the separation channel height is in scale of mm.  Protein mixture can be deduced 
from the maximum emission peak positon and the FWHM value at the retention time 
of 314.97sec (Fig. 3.13). 
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Figure 3.12 Electropherogram under voltage of 100V  
 
























Figure 3.13 Fluorescent spectrum at elution peaks under 100V 
 
b) Variation of separation channel surfaces 
 
Instead of using alumina as the bottom slide of the separation channel, bare glass was 
utilized to make separation device under 200V. The retention time was 113.65sec, 
which was much shorter than that of alumina-glass device. The longer retention time 
of alumina-glass device was due to the effect of nanoporous alumina surface on the 
migration of protein. For proteins would drop into the nano pores during migration 
along the channel and correspondingly take longer time to elute out. The extended 
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retention time on alumina surface is evidence that the nano pores of alumina surface 
would affect the migration of proteins. But again two discrete elution peaks were 
observed, whose components for both peaks were still the mixture of two proteins 
giving the evidence of both FWHM value of about 99nm and maximum peak 
position. 
 
3.3.3.2 Planar electrochromatography protein separation by thin channel 
 
By using the above broad separation channel protein migration time is mainly 
determined by electroosmotic flow, which is controlled by the applied electric field. In 
order to improve the capillary mediated flow affection on protein migration and 
increase protein separation efficiency, devices with thinner channel by reducing gap 
height to 300µm were prepared. And the observation point was moved closer to 
loading point with distance of 2.0cm.  
 
Under 200V potential a single elute peak was observed (Fig.3.14). The retention time 
was 626.89sec, which is greatly enhanced compared to bigger channel device though 
the observation point was closer to the injection point. The longer retention time is 
due to the higher frequency of the impact between the protein molecules and the 
alumina surface and correspondingly longer time protein may take to migrate along 
alumina nanopores. But again the FWHM value of 78.91nm and the maximum 
fluorescence emission peaks at 492.37nm and 508.27nm showed that elute contained 
both of the two proteins (Fig.3.15). 
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Figure 3.14 Electropherogram on 300µm depth channel at 200V 
 

























Figure 3.15 Fluorescent spectrum at elution peak by 300µm depth channel at 
200V 
 
Though the discrete protein migration problem was solved, two proteins were not 
separated by using 300μm depth channel device. To further improve the contribution 
of capillary mediated flow compare to the mobile-phase migration due to 
electroosmotic flow, a 50µm channel height between alumina and glass was 
fabricated by sealing them with epoxy adhesive.  
 
Potential of 200V was applied and two kinds of tagged protein eluted one after 
another. Fig. 3.16 showed that the maximum fluorescence emission at 490nm and 
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550nm appeared at different retention time. Corresponding to the fluorescence 
emission of conjugated BSA with λ Max at 545.5nm, the maximum fluorescence 
emission intensity at 560nm was observed with retention time of 292.11sec. While 
Atto 425 labeled Lysozyme with the λ Max of 490nm appeared at retention time of 
313.52sec, which was 21.41 sec later than the maximum elution of the tagged BSA. 
 


























Figure 3.16 Electropherogram under voltage of 200V by 50µm gap channel 
 
Under detecting wavelength at 550nm, both a main peak at 292.11sec and a shoulder 
peak with retention time of 255.16 sec were observed (Fig.3.16). The fluorescence 
emission spectra at these two retention times were shown in Fig. 3.17. Both 
fluorescent emission spectra gave similar maximum fluorescence emission peak at 
around 540nm and the same FWHM value, which indicated that the component of the 
elution at retention time of 292.11sec and 292.11sec was only labeled BSA.  
 
Similarly the fluorescence emission of elute solution at retention time of 313.52sec 
was showed in Fig.3.17. Two fluorescence peaks at both 491.28nm and 525.88nm 
were observed, which indicated that the component of elute contained both 
conjugated BSA and Lysozyme. At the same time, the FWHM value of 108nm bigger 
than that of both tagged proteins further confirmed that elute at 313.52sec contained 
both  two proteins. While at retention time of 378.02sec, the corresponding 
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fluorescent emission spectrum was consistent to pure tagged Lysozyme with 
maximum emission peak at 489.83nm and FWHM value of 61.46nm (Fig. 3.17).  
 





















Figure 3.17 Fluorescent spectrum at elution peaks under 200V by 50µm depth 
channel 
 
In conclusion, all the above data clearly indicated that by using wetted channel 
between alumina and glass with a width of 50µm, separation of two different types of 
proteins was achieved. And as expected, tagged BSA in bigger molecular size eluted 
faster than labeled Lysozyme in smaller size which was due to the trapping effect 
caused by nano pores of alumina surface.  
 
From the on-line detection experiments we can see that many factors would affect the 
migration velocity of tagged proteins on nanoporous alumina surface under electronic 
field. The mobile-phase migration due to electroosmotic flow, which is controlled by 
the applied electric field, competes with the secondary contributor of capillary 
mediated flow during migration. By simply adjusting factors that may affect the 
protein eluting velocity, separation of different size proteins in the order of size from 
big to small was achieved.  



























- 71 - 
4.1 Introduction 
 
The combination of membrane separation and principle of electrophoresis gives rise 
to the new phenomenon known as electromembrane separation. Protein separation 
using electromembranes is not novel, and has been studied by several 
groups.[114-116] Concepts of separation based on electrochemical interactions were 
suggested by Wagener [117, 118] and Aizawa.[119] These separation mechanisms are 
based on the generation of electrical and magnetic potential barriers by 
electromembranes. Separation is the result of placing an electrical potential “barrier” 
in the path of a composition being separated; if electrical current is allowed to flow, 
then a magnetic field “barrier” might also cause separation to occur.[117,118] Driving 
forces in such separations could, as in electrodialysis, be derived from electrical 
potentials. Thus, separation is to be accomplished on the basis of electrochemical 
interactions. These membranes differ from ion-exchange membranes in that no ions 
are exchanged during permeation.  
 
Wallace and Zhou have successfully separated human serum albumin from a mixture 
containing myoglobin by using polypyrrole composite membranes with 
electrochemically facilitated transport technique, which uses conducting electroactive 
polymer (CEP) based membranes.[83] Advantages of electromembrane separations 
stand on increased filtration flux and reduced membrane fouling.  
 
In this research, novel nanofiltration/separation technique was explored using a new 
type of electromembrane by sputtering conducting material on nonconducting 
alumina membrane. This new Multi Nano-channel Electromembrane Separation 
(MNES) technique introduces a brand new approach in which separation can be 
conducted. Capillary electrophoresis typically performed using fused silica capillaries 
that are about 100cm long with voltage of 20kV. Voltage of up to 50Vcm
-1
 was 
applied for MNES conducted in this research to investigate the transport of proteins.  
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4.2. Experimental 
 
4.2.1 Reagents and materials 
 
Properties of the proteins, bovine serum albumin and lysozyme, are shown in Table 
4.1. All aqueous solutions were prepared with purified water obtained by passing 
house-distilled water through a Milli Q (Millipore) water purification system 
(18MΩcm). The net charge of the proteins was controlled to be positive or negative 
depending upon the proteins‟ isoelectric points and the pH of the solution. In Milli-Q 
water (pH ~7), bovine serum albumin (BSA) and lysozyme (LYS) are negatively and 
positively charged respectively. 
 
Table 4.1 Protein Properties 
 
Protein Molecular Weight / Da Size / nm pI 
Bovine Serum Albumin 67,000  11.5 4.7-5.1 
Lysozyme  
(from Chicken Egg White) 
14,300 4.7 10.5-11.0  
(Merck Index, 1983) 
 
Membrane and membrane holder were commercially available from Whatman®. The 
circular alumina membrane has a diameter of 13mm and thickness 60μm with 
nominal 100 nm pore size. This membrane possesses a model pore network, i.e. a 
narrow pore diameter distribution around its median value, with cylindrical pores 
going almost straight through the symmetrical membrane. It is hydrophilic and is 
compatible with most solvents and aqueous material. No monomers, plasticizers, 
adhesives, surfactants or wetting agents are used in the manufacturing process, which 
eliminates sample contamination and ensures low protein binding and minimal loss of 
sample. 
 
4.2.2 Membrane Coating 
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Since the membrane is made of alumina, a nonconductive material, it was sputtered 
with a conductive material so that electrochemical studies can be carried out. 
Sputtering was done using a JEOL Auto Fine Coater Model JFC- 1600 with a 
57-mm-diameter platinum target (purity 99.9%). The distance between the center of 
the target and the substrate stage is 30 mm. During sputtering, the platinum deposited 
on the membrane might cover up the pores of the membrane should too much 
platinum be sputtered. Hence, sputtering was conducted for different durations using a 
current of 20mA to obtain optimal balance between porosity and electrical 
conductivity. The edge of the membrane was left uncoated (See Fig 4.1) to ensure that 





Figure 4.1 Unsputtered membrane (left) and sputtered one (right) 
 
Scanning electron microscope (SEM) studies on the effect of deposition time of 
platinum on the membrane revealed that the pore structure of those platinised 
membranes was partially bridged or blocked by the platinum (Fig. 4.2). For alumina 
membranes coated with platinum for 15 and 20 minutes, the pore structure was almost 
completely blocked. On the other hand, for 5 and 10 minutes-platinum coated alumina 
membranes, their permeability to ions and proteins were still retained although the 
pore structures were partially blocked.  
 








Figure 4.2 SEM of membrane sputtered for different duration a) unsputtered, b) 
10min, c) 20 min 
 
Since the conductivity is the reciprocal of resistivity, the electrical conductivity of the 
platinum deposited alumina membranes was determined by measuring the resistivity 
of the membrane. The most common method for measuring resistivity is the 
four-point probe method. The method usually uses a linear array of four equally 
spaced tips which are pressed on the surface. A small current I from a constant current 
source passed through the outer two probe tips and voltage drop V is measured 
between the inner two probe tips. For a thin substrate with a thickness t that is much 
smaller than its lateral dimensions, the resistivity is given by ρ= V/T(t)(CF), where 
CF is a geometrical correction factor. In the limit when the probe-tips‟ spacing is 
much less than the lateral dimension of the sample, CF becomes π/ln2 = 4.54. 
 
The electrical conductivities of the platinised alumina membrane increased with 
increasing deposition time from 5 min to 20 min, ranging from approximately 153 
Sm
-1
 to 12400 Sm
-1
. The increase conductivity of the platinised alumina membranes 
can be attributed to the presence of stronger delocalized electron clouds in increasing 
layers of atoms in the film that function as charge carriers across the surface of the 
membrane. 
 
It can be proposed that the optimal coating time is about 10 minutes as this amount of 
coating time gave the best pore size of the alumina while the conductivity was 
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approximately 1007 Sm
-1
, suitable for electrochemical study. Thus, the permeability 
of the membrane to ions and proteins was retained, whilst allowing an externally 
applied potential which can influence the transport behavior of species across the 
membrane. Reproducibility, however, was a challenge as the amount of platinum 
covering the pores was not consistent even by using the same sputtering conditions. 
 
4.2.3 Membrane holder modification 
 
The membrane is placed in an adapter obtained from Whatman®. As the adapter is 
made of plastic, it was also coated with platinum utill it conducts electricity. Platinum 
wire was connected to the adapter and was soldered with copper wire to allow current 
to be carried to the membrane. Epoxy glue was used to join all the parts together. The 




Figure 4.3 Modified membrane holder 
 
4.3 Protein Transport 
 
4.3.1 Multi Nano-channel Electromembrane Separation (MNES) set-up 
 
Membrane separation and electrophoresis has been established and the combination of 
these two techniques was done. This novel Multi Nano-channel Electromembrane 
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Separation (MNES) technique was used to study the effect of constant applied 
potential on the transport properties of bovine serum albumin and lysozyme across 
alumina membrane with platinum deposited.  Fluorescence spectrophotometer and 
conductivity method were used to carry out real time fluorescence detection during 
the experiments. Both single protein transport study and mixed protein separation 
experiments were carried out under various conditions.  
 
Though by using former vertical set-up, protein separation has been demonstrated in 
our lab, the vertical set up still had some problems such as that the gravity affect 
could not be get rid of. Also by vertical set-up, protein transport difference could be 
observed only by long time accumulation. In order to achieve discrete protein 
separation by using small dose of sample as well as shorter separation time, an on-line 
horizontal flow MNES system was designed. A schematic of the horizontal MNES 
set-up is shown in Fig. 4.4. The feed solution with constantly flow rate was supplied 
by a Shimadzu LC-6A HPLC pump and several microlitres of sample was injected 
through a Rheodyne 7161 injection valve connected to the membrane holder. Before 
connecting the membrane holder to the pump, some of the feed solution was injected 
from the bottom of the adapter to get rid of any air trap within the adapter which 
would hinder the movement of the protein to the outlet end. High purity HPLC water 


























Figure 4.4 Schematic of horizontal MNES set-up 
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4.3.2 Detection method of MNES separation 
 
Because the different proteins with different pI values would results in different sign 
of charge when dissolved in HPLC ultra pure water, the conductivity of the water 
would increase compared to pure HPLC water without proteins in it. Based on this 
conductivity difference, the electrochemical detection method of conductimetry 
detection was used. By using eDAQ potentialstat, the current through the 
nanomembrane as a function of time was achieved. Another separation potential was 
applied to the membrane by EG&G PAR 174A Polarographic Analyzer to ensure 
constant voltage was applied throughout the experiment. Protein transport was studied 
at various potentials. Both single protein transport study and mixed protein separation 
experiments were carried out. 
 
Because there are two potentiostats used in this separation-detection system at the 
same time, i.e. separation potentiostat P1 and detection potentiostat P2, we must make 
sure that the separation voltage does not interfere with the electrochemical 
measurement. So first, detection potentiostat P2 was fixed at certain volts, separation 
potentiostat P1 was changed from -3.0v to +3.0v, the detected current did not change 
with the change of separation potentiostat P1. When the separation potentiostat P1 
was fixed, potential P2 for detection was changed from 1v to 10v. The current would 
only change according to the magnitude of P2 and won‟t be affected by P1 value. All 
of these showed that the two potentials do not affect each other during experiments, 
which was the basic for this electromembrane on-line detection system.  
 
4.4 Results and discussion 
 
4.4.1 Single Protein Transport 
 
Two factors contributed to the movement of the protein molecules across the 
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membrane: diffusion and electrostatic interaction. Movement of both BSA and LSY 
were significantly affected by potential applied. Potential applied in this research 
ranged from E = +3.0V (with the side of the membrane facing receiver solution 
positively polarized) to E = -3.0V (with the side of the membrane facing receiver 
solution negatively polarized). And because every platinised alumina membrane was 
not exactly the same, so the retention time cannot be compared when using different 
membrane. All the following data which were compared were achieved by using the 
same membrane and separation condition.  
 
In order to narrow current peak signal and enlarge the retention time differences of 
different proteins, several factors could be varied to obtain the best S/N. First, proteins 
chosen with different PI values, molecular weights and molecular sizes would render 
different migration velocities under the electric field applied on the alumina 
membrane. Protein concentration and protein injection amount would also affect the 
width and height of the current signal.  
 
The flow rate of the HPLC pump was an important factor as well. For that if the flow 
rate was too high, the proteins would pass the membrane too fast without having 
efficient interaction with the electric field and hence have low protein separation 
efficiency. On the other hand, if the flow rate was too low, the protein would diffuse 
more in the membrane holder to cause broadening and hence big tail peak.  Different 
flow rates were tried with all the other conditions being kept constant and 0.2 mL/min 
was finally found to be optimum as the most suitable flow rate for the 
electromembrane system (Fig. 4.5). A board current signal with significant shoulder 
peak was obtained under 0.1mL/min and at a flow rate of more than 0.3 mL/min there 
was a risk to break the fragile platinised alumina membrane. 
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Figure 4.5 BSA elute current under different HPLC pump flow rate  
 
Both the value and the direction of the potential applied on the membrane are very 
important for protein separation. For the protein electrophoresis migration velocity is 
in direct proportion of the membrane potential magnitude. And if the charge sign of 
the protein and the outlet side of the membrane are opposite, the electronic field on 
the membrane would facilitate the movement of the protein and shorten its retention 
time. Or else the protein would be retained and take longer time to elute, which is the 
mechanism of the electromembrane protein separation system. And it is important to 
point out that the retention time reported in the following discussion were calculated 
by the peak elution time minus the sample injection time, which was manually 
recorded when protein was injected and was not the time shown in the following 
graphs. 
 
4.4.2 Bovine Serum Albumin transport 
 
a) Protein concentration & injection amount 
 
Since the pI of BSA was lower than the pH of the solution, BSA was negatively 
charged. Fig. 4.5 showed the movement of BSA through the membrane in different 
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concentration. The flow rate was 0.2mL/min and the separation potential applied on 
membrane was +1.15v. The retention time was almost the same whatever BSA 
concentration was used. However when the same amount of 20 µl BSA solution was 
injected, obvious peak tailing and broader peak were observed with BSA 
concentration higher than 1000ppm, which was easy to understand since at higher 
protein concentration, more protein molecules would take longer time to elute 
completely from one side to the other side of the membrane, and the volume of the 
membrane holder was about 400µl, which was much bigger than the volume of 
injected protein. Protein molecules would diffuse in the membrane holder before they 
could move completely through it, especially when the injected protein was at high 
concentration, the diffusion effect would take longer time and be more obvious. And 
hence result in broader peak and more tailing.  

























Figure 4.6 Current of elute with different BSA concentration  
 
The protein injection amount also affected the current peak. Fig. 4.7 showed the 
current peak of protein elution by using 667ppm BSA solution in amount of 5µl, 10µl 
and 20µl. The flow rate was fixed at 0.2mL/min and the potential applied on 
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membrane was +1.15v. The 20µl injection sample gave the narrowest peak and 
followed by 10µl one. 5µl injection amount gave a comparatively much lower current 
signal. This was because 5µl injection amount was very little and the diffusion effect 
would further dilute the protein to an even lower concentration and hence resulted in a 
tiny solution conductivity change when protein molecules went through the 
membrane holder.   
 
10µl injection experiment resulted in a broader current peak while the 20µl one gave a 
narrower peak (Fig. 4.7). It seemed that less injection amount did not guarantee a 
narrower current peak as it was supposed to do. A possible reason was due to a 
relatively big dead volume of the membrane holder as well as the 20µl injection loop 
of HPLC injection valve. Whenever the protein injection amount was less than 20µl 
of the injection loop, the injected protein sample would diffuse in the HPLC injection 
valve and loop during the time when the protein move along the metal loop of the 
HPLC pump as well as during the time when the protein migrate through the 
membrane holder. All of this would definitely result in protein diffusion especially 
when there was a constantly flowing solution driven by the HPLC pump.  
 
Take 10µl and 20µl injection sample as example, 10µl protein solution diffused in the 
injection loop for the first time while 20µl one did not. And when the 10µl protein 
reached the membrane holder, its concentration was diluted for about (10+400)/10 
times, while the 20µl injected protein was diluted for only (20+400)/20 times, which 
was less times compared to 10µl protein injection test. So it is obvious that the eluted 
solution of 10µl injection test would be less concentrated. Hence it took longer time to 
go through the MNES system with broader current peak. 
 
 





































Figure 4.7 Current of elute with different BSA injection amount  
 
b) Separation potential polarity & magnitude 
 
Different polarity and magnitude of separation potential were applied to test their 
affection on the retention time of BSA. Table 4.2 listed the onset time and the 
retention time with potential varied from -1.30v to +1.30v when all the other 
operation conditions kept the same. The current curves of BSA elute under different 
separation potentials were also shown in Fig. 4.8. 
 
Table 4.2 Onset time and retention time under different separation potentials  
 
Separation Potential/v +1.15 +1.20 +1.30 -1.15 -1.25 -1.30 
Onset time/sec 17 16 14 14 18 19 
Retention time/sec 32.5 30 31 33 34 34.5 
 


























































































+1.3v -1.15v -1.25v -1.35v
 
Figure 4.8 Current of elute with different separation potentials 
 
The retention time does not differ much from each other with different magnitude of 
the separation potential with the same polarity. But in general, the retention time of 
BSA would be enhanced when negative potential was applied on the receiver side of 
membrane compared to positive one, which means that when negative potential was 
applied, the migration of BSA was retarded.  
 
This could be due to two factors. First one lied on the electrostatic repulsion between 
the membrane pore wall and the BSA. Since the feed side was positively charged, the 
electrostatic attraction force between feed side of membrane and negatively charged 
BSA prevented BSA from migrating across the membrane. The other factor was due 
to accumulation of the negatively charged protein on the feed side of the membrane, 
forming a double layer. Though the running system to some degree could reduce the 
formation of double layer, this again hindered more BSA from moving across due to 
the repulsive force experienced by the protein. This hindrance would affect the eluting 
process and the current peak signal, which appeared to be broader. These two factors 
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negate the diffusion flow, retarding the protein completely. When positive potential 
was applied, BSA continued to move across the membrane in shorter time. Though 
electric double layer may also be formed, now at the receiver side, the electrostatic 
attraction due to the opposite sign of charge between receiver side of membrane and 
BSA continued to draw the protein across.  
 
The magnitude of the potential applied, both negative and positive, also played an 
important role in the velocity of protein migration across the membrane. When the 
membrane was more positively polarized, shorter retention time of protein was 
detected and that was conversely true for negative potential due to increased 
electrostatic interaction. (Table 4.2)  
 
However in the solution, because the water was slightly acidic, negative BSA is 
surrounding with positive H
+
 counter ions. These counter ions are repelled by the 
positively charged receiver wall, slowing their transport and a reduction of the counter 
ion transport should also reduce the BSA transport. Therefore the migration of protein 
would be retarded slightly when positive potential was applied. This was conversely 
true when the membrane was negatively polarized. The negative proteins surrounded 
by the positive H
+
 counter ions are attracted by the negatively charged receiver wall, 
accelerating their transport and an increase of the counter ion transport should also 
increase the BSA transport. Therefore the migration would be speed up slightly when 
negative potential was applied. Therefore, different BSA migration velocity under 
different polarity and magnitude of separation potential was reduced to some degree 
because of the surrounded positive H
+
 counter ions.  
 
There is another plausible explanation for the change in the flux that has been 
discussed by Burns and Zydney.[83] They attributed the reduction in protein flux 
below the pI to the energetic penalty associated with the distortion of the electric 
double layer around the charged protein by the pore wall. This distortion leads to a net 
repulsive interaction, even when the protein and pore have opposite charge. 
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4.4.3 Lysozyme transport 
 
a) Protein concentration 
 
Since the pI of LYS is higher than the pH of the solution, lysozyme was positively 
charged. Fig. 4.9 shows the movement of LYS through the membrane at different 
concentration. The flow rate was 0.2mL/min and the separation potential applied on 
the membrane was +1.15v. The retention time was almost the same whatever the LYS 
concentration was used. While when the same amount of LYS solution was injected, 
single peaks with different broadness and height were observed with concentration 
range from 40ppm to 160ppm. From LYS current curves at different concentration, it 
is obvious that the higher the protein concentration, the sharper and the higher the 
current signal.  
 
This was easy to understand since at higher concentration, there were more protein 
molecules which would result in bigger conductivity and hence higher current 
intensity, which was different from the current curves observed for BSA. In the case 
of BSA, the current peak height was usually much lower and the peak width broader 
even when higher concentrated BSA was injected.  
 
Besides the original net charge difference, another possible reason is that the solution 
used in this system is ultra pure water, when pH value is around 6.5. In this slightly 
acidic solution, negatively charged BSA is surrounded by positively charged counter 
ions H
+
, which would neutralize part of the BSA negative charges. The current 
intensity of BSA is therefore reduced. Although the negatively charged BSA is 
surrounded by positive counter ions, the net charge for BSA is still negative. So the 
electrostatic attraction between negative BSA and positive solution would result in a 
more obvious peak braodening effect. Also the dead volume of the membrane holder 
is 400µl, which is 20 times that of the protein injection amount (if 20µl protein was 
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loaded). Protein molecules would diffuse before they could migrate through it, which 
is another possible reason why BSA showed broader and less intensive current peak 
compared to that of LYS.  









































































Figure 4.9 Current of elute with different LYS concentration 
 
b) Separation potential polarity & magnitude 
 
Different polarity and magnitude of separation potentials were applied to test their 
effect on the migration of LYS. With separation potential varied from -1.15v to 
+1.15v with all the other operation conditions consistent, the retention time of LYS 
changed from 38.5 second to 41.5 second (Fig. 4.10). It is because that when the 
receiver side of the membrane was of the same charge as the positive LYS, the 
electrostatic repulsion slowered LYS movement.  
- 87 - 































Figure 4.10 Current of LYS elute under different potential polarity 
 
Not only the retention time was different, the current shape of LYS elution was also 
dramatically changed. The current curve from the onset point to the peak was sharper 
when negative potential was applied, while when positive potential of receiver side 
was utilized, the protein current increased slower from the onset point to the current 
peak position. When individual component elute a sharp increase in current was 
observed in Capillary Electrophoresis (CE). The very different slope of current 
increase and retention time can be explained as that LYS is much smaller and lighter 
than BSA molecule. LYS has no counter ions with different sign of charges around it. 
So when different magnitude and polarity separation potentials were applied, LYS 
would be affected more obviously than BSA.  
 
The magnitude of the applied potential also affected the migration velocity of LYS. 
The stronger the electrostatic attraction experienced by the protein, the faster the LYS 
would be transported through the membrane. This was conversely true when the 
membrane was positively polarized.  
 
Fig. 4.11 showed the elute current of 2 kppm LYS in10uL injection amount with flow 
rate of 0.2 mL/min under separation potential of -1.50v and -2.50v respectively. When 
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negative potential was applied on the receiver side of the membrane, the migration 
velocity of positively charged LYS was changed. With potential changed from -1.50v 
to -2.50v, the onset time decreased from 64 second to 55 second, which was because 
the higher negative potential applied on receiver side of membrane would increase the 
electrostatic attraction between the receiver site wall of membrane and LYS. 
Therefore LYS eluted out in a shorter retention time. Again, not only the retention 
time was changed, the slope of LYS elution current was also varied, i.e. the current 
curve from the onset point to the peak was sharper when -2.50v was applied, while 
with smaller potential, the protein current increase slower. A sharp increase in current 
for an individual protein was regarded as a good quality for further protein mixture 
separation. 

































Figure 4.11 Current of LYS elute under different separation potentials 
 
4.4.4 Separation of protein mixture 
 
Feed solution of BSA and LYS mixture was used to investigate protein migration 
difference when membrane was polarized. In theory, positive receiver side would 
speed up the migration of BSA while slowing down that of LYS. This would be 
reversely true when opposite polarity of potential was applied. Hence both positive 
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and negative polarity would enlarge the retention time difference of two proteins, 
comparing to situation without any potential applied on the alumina membrane.  
 
If we consider the movement of 10µl protein for example, with E=-1.50v and flow 
rate of 0.2mL/min, the retention time of BSA and LYS were 1 min 51 sec and 1 min 
43 sec respectively. When negative charge was applied on the receiver side of 
membrane, the electric field direction was from feed wall to the other wall of the 
membrane, positively charged protein LYS was driven through this 60 µm width 
membrane and speeded up because the electrostatic force direction was consistent 
with the flow direction of the running solution. While on the other hand, the electronic 
field drove negative charged BSA in an opposite direction, i.e. from reserve side to 
feed side, which was against the solution flow direction, an hence the retention time 
of BSA was longer than LYS.  
 
With E=+1.15v and flow rate of 0.2mL/min, the retention time of BSA and LYS was 1 
min 22 sec and 1 min 12 sec respectively. For these two proteins whatever potential 
polarity was applied on the membrane, the retention time showed the same trend i.e. 
LYS would elute faster than BSA. Fig. 4.12 depicts the electronic field direction and 
the electrostatic force direction experienced on proteins and the protein migration 
velocity difference between them with different separation potential applied on the 
membrane.  
 
As shown in Fig. 4.12 a, when no potential was applied on alumina membrane (E = 
0v), different retention times would be expected as the transport velocities of both 
proteins were different due to their different molecular weight and sizes.  LYS moves 
at a higher velocity than BSA as a result of the higher diffusional flux of the lighter 
and smaller LYS.  
 
In positive potential field (feed side negative and receiver side positive as shown in 
Fig.4.12 b), because the electric field is from receiver side to feed side, electrostatic 
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force direction for negative BSA is the same as that of the solution flow, negative 
BSA transport is speed up. While LYS bears positive charge, the electrostatic force is 
in opposite direction to the flow direction. The movement of LYS is therefore slowed 
down. But comparing the flow rate of mobile phase, the movement velocity change 
caused by electric field is less, which only makes the two protein movement velocity 
similar but still in the same direction.  
 
The situation is reverse under negative applied potential (Fig. 4.12 c). The feed side of 
the membrane is positively charged and the receiver side is negatively charged, which 
creates an electric field with direction from feed side to the receiver side. And the 
negatively charged protein molecules endure an electric field in direction from 
receiver side to feed side, which is opposite to the mobile phase direction. BSA 
movement velocity is therefore reduced while LYS moves faster. Another factor 
would be that LYS is more influenced by the applied potential compared to BSA as 
the latter molecule is about four times bigger than the former. Their velocity 
difference is therefore enlarged in negatively charged membrane, which benefited the 
separation of the two-protein mixture.  
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a                       b                    c 
Figure 4.12  
a) Electric field direction and the electrostatic force direction  
b) Solution flow direction and electronic force direction 
c) Net protein migration velocity 
 
When E=+1.15V ( with receiver side positively charged) and flow rate at 0.2 mL/min 
the retention time for 40ppm LYS was 39.5 second, as shown in Fig. 4.13. When BSA 
was added in the protein mixture, an obvious shoulder peak was observed in the 
current curve. When 20ul protein mixture containing 20ppm LYS and 400ppm BSA 
was injected, the retention time for the main peak was 39seconds with a shoulder peak 
at 61 second. When BSA concentration was reduced to 160ppm, a smaller shoulder 
peak was observed at retention time of 61.5 second and main peak again appeared at 
39.3 second. With the reduction of BSA concentration in protein mixture, the 
shoulder peak intensity was reduced to a smaller value while at the same time kept the 
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the second protein BSA.  
 














































Figure 4.13 Current of LYS and mixture elute with different BSA concentration 
 
Current curves of protein mixture at E=+1.15v and E=-1.15v were compared while 
keeping all other conditions the same. The mixture contained 20ppm LYS and 
300ppm BSA. As shown in Fig. 4.14, solid dot curve showed the elute current at 
E=+1.15v and the one with hollow dot gave that at E=-1.15v. It is obvious that under 
E=-1.15v the retention time difference for the two proteins was bigger than that under 
positive potential. The reason was elaborated by Fig. 4.12 above.  
 
As shown above, separation of the protein mixture was partly achieved when a 
negative potential on receiver side of the membrane was applied. Positive LYS would 
be transported towards the receiver side solution faster than BSA due to electrostatic 
attraction towards the receiver solution. However, if we reverse the polarity of the 
applied electric field, separation was not as obvious as that under negative potential. 
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Figure 4.14 Current of mixture elute under different separation potential 
 
In order to further improve the separation efficiency, a higher potential of -3.0v was 
applied. This is because enhanced potential on the membrane would further enlarge 
the retention time difference of two proteins. As shown in Fig. 4.15, the protein 
mixture was separated under potential of -3.0v with all other operation conditions the 
same. Two well separated peaks and 8 second retention time difference of BSA and 
LYS was detected. Separation was not observed with positive potential +3.0v. This 
again indicated that the most effective protein mixture separation was achieved only 
when the feed side of the membrane was negatively charged and at the same time 
higher potential would benefit the separation of the two proteins because of the 
increased electric field and electrostatic force on charged protein molecules.  
 

















































Figure 4.15 Current of mixture elute under -3.0v and +3.0v 
 
In summary, with all the other conditions the same and under separation potential of 
-3.0v, individual protein retention time was determined in order to identify the two 
separated peaks obtained in the elute mixture. LYS eluted significantly faster (with 
retention time of 51 second) than that of the former (with retention time of 59 second), 
which was exactly the same as that of the two peaks respectively. When E = +3.0V, 
the electrostatic interaction between the protein and the membrane wall was balanced 
by the higher diffusion flux of the smaller LYS protein. Hence, separation could not 
be achieved. It was clear that the transport of both BSA and LYS was markedly 
influenced by the polarity of the potential applied on the alumina membrane. 
 
Electrochemically controlled transport of proteins using platinum coated alumina 
membrane under different experimental conditions has been demonstrated with this 
novel multi nano-channel electromembrane technique. The transport of proteins 
across the membrane can be electrochemically manipulated by applying different 
magnitude and polarity of constant potential. The greatest BSA and LYS separation 
was obtained under E = -3.0V. 
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5.1 Conclusion 
 
With the well defined pores sizes, nano-porous alumina manufactured by 
electrochemical method has its potential applications in a variety of fields such as 
template for fabricating other nano-porous structures; dielectrics in capacitors; 
mechatronic system and so on. In this work, electrochemically anodized nano-porous 
alumina surfaces under different condition as well as chemically grafted nano-porous 
alumina with different surface properties have been produced and utilized in protein 
separation.  
 
Nano-porous alumina surfaces on glass substrate with different pore sizes and depth 
were manufactured using electrochemical anodization method based on sputtered and 
evaporated aluminum by different wet etching period and sputtering or evaporation 
time. Three kinds of carboxylic acids, 6-aminohexanoic acid, heptanediolic acid, and 
hexanoic acid were grafted on home-made glass-supported alumina surface. Surface 
modification effect and hydrophobicity properties of alumina surface were studied by 
X-ray Photoelectron Spectroscopy AXIS Instrument as well as contact angle 
measurements.  
 
Application of nano-porous alumina has been explored for planar 
electrochromatography protein separation. Off-line and on-line detection systems of 
protein separation on nanoporous alumina surface were designed and protein 
separation efficiency was compared by varying alumina pore size, pore depth, surface 
properties as well as the pH value of buffer solution. With the use of anionic 
surfactant sodium dodecyl sulfate (SDS), proteins were denatured and the separation 
condition was optimized. The mechanism of Size-Exclusion Electrochromatography 
(SEEKC) separation was proposed and studied. 
 
Multi Nano-channel Electromembrane Separation (MNES) technique with an on-site 
horizontal set-up was demonstrated. Continuous flow operation was employed to 
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detect the sample over time thus decreasing the detection limit. With this method, the 
possibility of having differential control of transportation and separation of charged 
proteins were established. Different factors affecting separation efficiency were 
studied and MNES protein separation mechanism was proposed and studied. 
Separation of BSA and LYS across polarized alumina membrane has been achieved.  
 
5.2 Prospective work 
 
The hydrophilic alumina surface can be modified to exhibit properties. Other 
functional groups such as carboxylic group, amino group and so on can be grafted on 
both etched glass supported alumina and commercial alumina membrane surface with 
freely controlled nanopores. These diverse functional groups can change alumina 
surface property to allow it to react with other molecules, for instance, bio-molecules, 
thus producing covalent binding on nanoporous alumin surface with broad promising 
applications such as biosensors. 
 
Protein separation by nanoporous alumina film on microchip could be applied to 
increase the separation efficiency of planar electrochromatography protein separation 
technique. Future work would seek to apply the principles of SEEKC onto a μ-total 
analysis system. On the micro channel, pre-coated aluminum film will be covered on 
the glass bottom and further anodizad into nanoporous alumina film. By using this 
alumina covered microchip channel, protein separation can be carried out and higher 
separation efficiency could be expected. 
 
Further studies on Multi Nano-channel Electromembrane Separation (MNES) 
technique to have additional control in the transportation and separation could be done 
through salt elution, isocratic elution and increasing the thickness of the membrane. 
Because the absorption of protein on alumina pores may result in low separation 
efficiency in the former study as well as membrane fouling, modification of alumina 
membrane by using organic carboxylic group and polyethylene glycol could be 
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carried out to further reduce protein absorption on the alumina surface to enhance the 
protein separation efficiency.  
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